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INTRODUCTION

This termination report covers the latter part of a single research effort spanning several
grant cycles. During this time there was a single title, “Experimental and Modeling Studies of
Massif Anorthosites”, but there were several contract numbers as the mode and location of
NASA contract administration changed. Initially, the project was funded as an increment to the
PI’s other grant, “Early Differentiation of the Moon: Experimental and Modeling Studies”, but
subsequently it became an independent grant. Table 1 contains a brief summary of the dates and
contract numbers.

Table 1. Administrative Summary :
‘“Experimental and Modeling Studies of Massif Anorthosites”

Dates Contract No. Comments
3/1/89 - 8/31/94 NAG 9-329 increment; final report submitted
3/1/93 - 2/28/97 NAGW-3407 independent contract no.; this report
6/1/97 - 2/28/99 NAGS5-4558 independent contract no.; this report

Appendix A contains a list of the journal articles that cited support from this project after
3/31/93. Appendix B contains a list of the published abstracts supported by this project.
Appendix C contains a set of reprints of the published papers and abstracts.

REPORT

The purpose of this project was to study the petrogenesis of Proterozoic (massif)
anorthosites as possible analogs of lunar ferroan anorthosites (LFA). What the two groups of
anorthosites have in common is intermediate Mg/Fe in mafic minerals indicating that their parent
liquids were probably evolved from more primitive magmas, a relatively limited range in
plagioclase composition suggesting suspension and accumulation, and separation from their
mafic cumulates that is at least on the order of crustal thickness. To be sure there are many
significant differences — plagioclase composition, tectonic setting, and areal extent — but what
is more important than the obvious differences is the development of tangible models of large
scale anorthosite petrogenesis against which the limited contextural information but extensive






mineral and chemical data base of lunar anorthosites can be compared. The incentive for
developing terrestrial analogs has increased as diversity within the ferroan anorthosite suite has
come to the fore [1,2] and as detailed geochemical models have suggested that ferroan
anorthosites may not have crystallized directly from a homogeneous magma ocean [3]. This
latter situation is ironic: although the concept of a magma ocean was originally developed to
explain existence of lunar anorthosites [4], it is possible, now that there is independent indication
of the existence of a magma ocean formed by a giant impact [e.g., 5], that lunar anorthosites may
not have formed directly from a magma ocean, but rather from its aftermath. In any event,
whether ferroan anorthosites were passively accreted to the bottom of a crust floating atop a
magma ocean or whether ferroan anorthosites formed in plumes of plagioclase mushes detached
from stagnant bodies of melt too dense to erupt on the surface, it seemed prudent to investigate
terrestrial anorthosites in parallel with lunar anorthosites even though terrestrial anorthosites
were obviously not exact analogs.
There were significant results in terms of emplacement and late stage evolution.

Emplacement

A key element in lending plausibility to a non- or post-magma ocean hypothesis is
demonstrating the possibility of segregating plagioclase-rich suspensions or mushes from mafic
cumulates on a scale of tens of kilometers. To this end we began this research by investigating
two samples — one, an anorthositic dike, the other, a synthetic high-Al gabbro — that had been
proposed as parental magmas of massif anorthosites in Labrador (Harp Lake). This work [6]
demonstrated the dry liquidus of the anorthositic dike is too high (> 1350°C) for a crustal melt or
evolved liquid composition and that the liquidus plagioclase is far too anorthitic to match the
zoned cores of plagioclase in the dike rock. Adding water would of course lower the liquidus, but
would also make the liquidus plagioclase more calcic [7], thus increasing the mismatch with the
rock. On the other hand, the high-Al gabbro composition (HLCA) has plagioclase and
orthopyroxene with potentially parental compositions or near the liquidus at 10 - 12 kbar. In
particular, the liquidus orthopyroxene at 12 kbar has Mg/Fe ratio and CaO and Al;03
concentrations similar to those of aluminous megacrysts (bulk) with plagioclase exsolution
lamellae [8], and in addition the plagioclase in this pressure range has a composition similar to
that in the typical Harp Lake anorthosite. The implications of these results are that the aluminous
opx megacrysts record transport from a lower crustal magma chamber to the upper crust where
anorthosites are finally emplaced, whereas the presence of relatively sodic plagioclase (Ab/An
partitioning is pressure-dependent) indicates that the plagioclase may have also been transported
from lower to upper crust as a crystal-rich suspension [9].

We continued this work by quantifying the pressure-dependence of Ab/An partitioning
for plagioclase-liquid and Al;O3 partitioning for orthopyroxene-liquid [9]. In particular, we

reversed the concentrations of experimental orthopyroxenes at 6 and 11.5 kbar. We also






demonstrated that the high Al,O3 (incompatible) contents of opx megacrysts could not be the

result of kinetic processes (rapid growth, failure of plagioclase to nucleate) because the
megacrysts with the highest Al,03 also have the highest Cr203, yet either kinetic process would

have led to a dramatic decrease in (compatible) Cr,O3. These results were consistent with the

general model that posits transport of suspension (or mushes) of 65 to 85 % plagioclase entrained
in an evolved, high-Al basaltic composition from a ponded magma chamber at the base of the
crust to a site of emplacement in the upper crust. At this point two formidable problems
remained. One was the mode of transport from the lower to upper crust; the other was the
petrogenesis of anorthosite massifs with average plagioclase composition considerably more
sodic (e.g., An4g-45) than Harp Lake (Ansg.¢0).

We began to address the first problem by reviewing the literature on the rheology of
suspensions [9]. At high degrees of crystallinity, the crystals begin to form a rigid network or
"granular-framework-controlled mass" [10] and not only does the effective viscosity of a
suspension increase rapidly, but also movement is possible only by shearing and deformation of
the crystalline matrix. Although there is ample evidence of deformation in many anorthosites in
the form of granulation, bent twinning, and stress-induced twinning, there are also large tracts of
less anorthositic rocks as well, e.g., leucogabbros in the Laramie Complex [11] and leuconorites
in the Nain Complex [12] that show little or no evidence of deformation. So there appears to be
an observation-based need for transporting at least some anorthositic magma as a rheological
liquid. Theoretical considerations also militate against diapiric transport of a mass (i.e., a "solid")
that cannot convect internally [13]. Under nearly static conditions the transition from liquid-state
to solid-state rheology or the "critical melt fraction" may be described in terms of contiguity.
Contiguity is the fraction of the surface area occupied by solid-solid contacts — in the present
case, primarily plagioclase-plagioclase contacts — and contiguity values of 0.15 to 0.2 are cited
as marking the critical transition [13]. A theoretical relation between contiguity, crystallinity, and
wetting angle [14] predicts a critical melt fraction between 0.4 to 0.5 for wetting angles of 45° —
the angle measured for potassic feldspar in granitic melt by [15] and which we confirmed for
intermediate plagioclase in high-Al basaltic melt [16]. Some factors common in anorthositic
rocks, a non-uniform distribution of crystal sizes and faceted crystal faces, may decrease
contiguity [14]. Motion of a crystal-liquid mixture will decrease contiguity still further [14], so
even a mass that begins to move with a deformable solid matrix may develop liquid-state
rheology.

These considerations are at least permissive of diapiric transport of suspensions with 65 -
70 % entrained plagioclase — enough plagioclase to make leuconorites or leucogabbros (noritic
and gabbroic anorthosites), but probably not enough for true anorthosites. Recent fieldwork at
the Laramie Complex suggests a resolution to the problem. Unlike leucogabbros, which are
typically layered and contain weakly deformed crystals, anorthosites occur in massive bodies and
crystal deformation apparently increases with modal plagioclase [17]. These observations are






consistent with a second episode of plagioclase enrichment (the first having occurred in the
ponded chamber at the base of the crust) following emplacement of a gabbroic anorthosite
suspension (65-70 % plagioclase) in the upper crust: buoyant masses of plagioclase accumulate
near the roof of the chamber, while gabbroic anorthosite accumulates on the floor, and
buoyancy-driven self-deformation squeezes interstitial liquid out of the roof cumulates— the
more deformation, the more plagioclase. Thus large masses of true anorthosite may be local
phenomena developed after intrusions into the upper crust of liquid-state suspensions with 65-
70% entrained plagioclase derived from lower crustal chambers.

This 3-stage model may have important implications for lunar anorthosites regardless of
whether or not they formed from a magma ocean. Attention has been called to the fact that the
compositional variation among lunar ferroan anorthosites cannot be explained by simple two
component mixing of accumulated plagioclase and trapped interstitial liquid and that it is also
difficult to imagine how simple filter-pressing could produce rocks with as much as 99%
plagioclase on a large scale [18]. A resolution to these problems may be similar to the resolution
of the problem of true terrestrial anorthosites, albeit on a larger scale. If lunar anorthosites do not
form directly from a basaltic magma, but from a suspension (plagioclase entrained in a basaltic
liquid) with noritic anorthosite composition, and the anorthosite deforms internally, squeezing
out interstitial liquid, as it moves away from its parent, then it might prove possible to explain
both modal and chemical variation. As a first step toward a more quantitative understanding of
the dynamics of plagioclase mushes, we measured wetting angles using the terrestrial anorthosite
from [6]. As mentioned above, a long duration experiment (350 hrs, 10 kbar, 1150 °C) was run
just above the solidus, and 200 measurements made on SEM backscatterred electron images
yielded an average dihedral angle of 45° [16] — identical to the angle assumed in [15]. Because
of its anisotropy and tendency to form faceted crystals, interpretting measured wetting angles for
plagioclase in terms of contiguity and the flow of suspensions is a more formidable problem than
for olivine or quartz. One observation that needs to be examined further is the apparent growth of
megagrains from aggregates (see below) — this growth might first increase and then decrease
contiguity.

The second formidable problem facing the polybaric model for terrestrial anorthosites is
the petrogenesis of massifs with average plagioclase composition in the range of Anso.4s. An
evolved, but broadly basaltic magma (e.g. HLCA - above) is plausible parent magma for more
calcic massifs, such as Harp Lake [8]. However, if the difference in average plagioclase
composition were solely the result of the pressure effect on Ab-An partitioning, then the parent
basalt of the more alkaline anorthosites would have ponded at the implausible depths of 50 to 70
km. One might suggest more extensive fractionation of the basaltic magma at depth. Perhaps, but
not in the presence of plagioclase because Sr in the plagioclase from the more alkaline
Norwegian anorthosites is 30 to 50 % higher than that in the more calcic Nain anorthosites; and
Sr is highest in the most sodic plagioclase — that from the Labrieville Complex [19]. Perhaps,






the connection is a little more subtle: if similar basaltic magmas pond at different depths, then
the magma that ponds at the deepest level would undergo the most extensive fractionation prior
to reaching saturation with plagioclase — at which point anorthosite formation begins. Such a
mechanism might account not only for more sodic plagioclase, but also generally higher levels of
K, Ti, and P in associated rocks. :

In order to address this problem, we have examined the liquidus equilibria of a primitive
monzonorite ("jotunite") from the Rogaland district of Norway [20]. This rock (TJ) is part of the
chill margin of the Bjerkreim-Sokndal (B-S) layered intrusion which is itself part of the massif
[21]. The composition of this rock has been proposed as that of the parent magma of the B-S
intrusion [22] and of the associated swarm of dikes with composition ranging from monzonorite
to monzonite (mangerite) to quartz monzonite [23]. More importantly, compositions such as TJ
have been suggested to have also been parental to the anorthosites at depth [24]. At 5 kbar the
inferred crystallization sequence — plag — plag + ol - plag + ol + ilm — plag + ol + ilm + opx
— is identical to that observed in the most primitive cycles of the B-S intrusion, and the
compositions of the olivine and plagioclase are similar to, albeit slightly more evolved than, the
most primitive compositions observed in the intrusion [25]. Al,O3 concentrations in opx are also
consistent with crystallization at P < 5 kbar. So the parent magma of the B-S intrusion was a
slightly less evolved version of TJ. Plagioclase and orthopyroxene appear together on the
liquidus of TJ from 10 to 13 kbar, where clinopyroxene joins them. So these pressures represent
the logical choice for the genesis of TJ by melting or fractionation processes. This pressure range
is also that predicted for the origin of the aluminous orthopyroxene megacrysts found within the
anorthosites proper.

Later, we realized that, despite higher TiO;, P2Os, and K;0, TJ was cotectic with
orthopyroxene and plagioclase at nearly the same pressures (~ 13 kb) as HLCA, and that at this
pressure the composition of the opx was similar to the most aluminous megacrysts in the
Norwegian (Rogaland) massif, while the plagioclase was similar to a great mass of that in the
anorthositic rocks [21]. In an effort to understand this curious coincidence, we examined the
liquidus relations of both compositions at the pressure where they are cotectic with pyroxene and
plagioclase and found an even more perplexing situation [26]. Both of the bulk compositions
project from the plagioclase component close to the plane of pyroxene compositions. Regions of
composition space where liquidus curves cross the plane of their coexisting crystals are thermal
maxima. Thus these 2 compositions lie close to the thermal maximum on the plag + opx + aug
liquidus boundary where it crosses the plane of coexisting plagioclase and pyroxene
compositions. Adjacent to the thermal maximum are thermal ridges on the plag + opx and plag +
aug liquidus surfaces. Therefore, in this pressure range TJ and HLCA lie on the "thermal high-
ground” of the liquidus surface — an unlikely situation for evolved liquids. Thus neither
composition is likely to be reached by fractionation or even assimilation plus fractionation
(AFC), because assimilation requires crystallization to provide the heat of melting and






crystallization will drive the liquid composition away from the thermal divide. At lower
pressures the pyroxene + plagioclase thermal divide disappears [26], but both compositions
move off the cotectic into the plagioclase liquidus volume, so AFC processes can produce
compositions similar to HLCA and TJ only by assimilation into a more feldspathic liquid. Our
work has shown that such liquids cannot be derived from melting the mantle or even
fractionating mantle melts [26]. It thus appears that a variant of the lower crustal fusion
hypothesis of [27] is most consistent with the data: Large ponded intrusions of basalt provide the
heat for melting mafic granulitc material that necessarily lies close to or within the
pyroxene+plagioclase thermal divide. Extensive partial melting produces liquids with the major
element composition of high-Al basalt — such liquids are parental to anorthosites with more
calcic plagioclase (e.g., Harp Lake); lower degrees of melting produce liquids with higher
concentrations of K, Ti, P, and other incompatible elements — such liquids (primitive jotunites)
are parental to anorthosites with more sodic plagioclase (e.g., portions of the Rogaland massifs).
In all cases, however, there remains a need for mechanical enrichment of the parental liquids
with plagioclase crystals in order to produce anorthositic rocks, because cotectic melts of the
lower crust will have Al,O3 concentrations much lower than anorthosites. Of course, there is no
evidence of water or major granite-forming events on the Moon, but formation of lunar
anorthosites by remelting and remobilization of early-formed plagioclase-mafic cumulates
remains one of the working hypotheses [28].

Perhaps the fundamental insight to come from research on massif anorthosites in this lab
is that their troctolitic/noritic crystallization patterns derive from melting mafic sources at 10 to
13 kbar [26]. The troctolitic/noritic crystallization sequence derives from liquid compositions
along the high-pressure plag+opx+cpx cotectics having relatively low Wo content and variable
olivine normative character. Not coincidentally, perhaps, most ferroan anorthosites seem to have
troctolitic/noritic to troctolitic/gabbronoritic crystallization patterns [29], and the average LFA-
related mafic component of the upper lunar crust [HON - 30] seems to have the same normative
character as the parent magmas of the massif anorthosites. Now it is likely that the average
ferroan crust contains a cumulus mafic component because HON is distinctly more magnesian
than a plausible FAN parent magma [31] with Mg' = 0.60 whose crystallization begins with fog,
ol. Yet, despite the lower Mg', the composition of the LFA parent magma has the same
normative character as HON. It would be too remarkable to be a coincidence if the LFA parent
magma composition also lies in the plagioclase + pyroxene thermal divide at a pressure where
plag, opx, and aug are all on the liquidus. Given the much lower alkali concentrations of LFA
parent magmas relative to massif parent magmas, it is likely that the trace of the thermal divide
will sweep across the LFA parent composition between 5 and 10 kbar, rather than 10 to 13 kbar.
As discussed above, a concurrence of multiple saturation in a parental liquid and crystal + liquid
coplanarity is not readily explained except by melting mafic sources. Melting of mafic sources
might plausibly be expected from overturn within the cumulate pile created by the solidification






of a disorderly magma ocean. The only other possibility for the troctolitic/noritic/gabbronoritic
character of ferroan anorthosites is derivation of their parent magmas by bottom-up
crystallization of an improbably orderly magma ocean [e.g., 32].

Late stage evolution

A combination of field, geochemical, and isotopic evidence point to a series of dikes, sills
and small intrusions forming from liquids residual to the massif anorthosites [33,34]. These
rocks are commonly referred to as ferrodiorites, monzonorites, or jotunites. And there appears to
be a continuum of compositions leading from jotunite to ferro-monzonite to charnockite
(orthopyroxene-bearing granite) [35]. The overall jotunite trend has much in common with post-
LFA differentiation: evolved ferroan liquids with elevated K, REE, and P and large depletions of
Sr, Eu, Ti, and Nb relative to the REE. Our experimental work [20,35] on Norwegian rocks
establishes a clear link between primitive jotunites (TJ), fine-grained jotunites represented by the
chill margins of dikes, the monzonitic to qtz-monzonitic interiors of some of the dikes, and the
most evolved compositions. This work [35] has also demonstrated that plagioclase, a ubiquitous
mineral in all these rocks, is absent near the liquidus of the Fe-Ti rich rocks, and that evidence of
liquid immiscibility is lacking in the field and in the experiments. The Fe-Ti rich rocks,
therefore, are cumulates. On a larger scale, formation of such cumulates could be expected to
lead to more efficient density separation of oxides from silicates, and given the observed
crystallization order of ilmenite, magnetite, apatite, we could expect to find segregations of
ilmenite alone, ilmenite + magnetite, and ilmenite + magnetite + apatite. These assemblages are
precisely what are found in oxide deposits of the Rogaland district [36]. These deposits are
always found within the anorthosite massifs, most commonly near the contacts, although larger
deposits may be found in the interiors of the massifs. The scales of the deposits vary from a few
to hundreds of meters and include massive varieties as well as dispersed oxide horizons in
silicates. It is likely that all deposits formed by the crystallization of jotunitic liquids squeezed
out to the margins of the intruding and deforming anorthosite masses. Some deposits are still
associated with their coprecipitating silicates, whereas others formed from post-cumulus
gravitational separation and settling. As such, these deposits represent important chemical and
physical analogs not only of the ilmenite + KREEP layers believed to have formed during the
latest stages of the lunar magma ocean, but possibly to a hitherto unrecognized variety of
KREEP that may have formed as the end product of crystallization of residual liquids within the
anorthosites rather within the magma ocean proper or at least at a lower level within the large
magma bodies that gave rise to the ferroan anorthosites. Recognition of this "older" KREEP may
be the key to understanding the apparent contradiction between a Mg-suite norite with a 4.46 Ga
Nd-Sm isochron age {37] and the 4.36 Ga Nd-Sm age of KREEP [38], which ostensibly marks
the end of the magma ocean crystallization. An important feature of most Mg-suite rocks is a
sub-chondritic Ti/Sm ratio [39], which indicates assimilation of an evolved component that has a






signature of ilmenite fractionation. This component is KREEP or something very similar [40]. If
some of the KREEPy material that was assimilated by Mg-suite magmas formed in long-lived
residual pockets of the magma ocean whereas other KREEPy material formed at higher levels in
the crust, it would explain rocks that crystallized before the main batch of KREEP but
nonetheless carry a KREEP signature. There are no rocks analogous to the Mg-suite cumulates in
terrestrial anorthosite complexes, but there clearly are two origins for the evolved rocks: some
form by differentiation of liquid squeezed out of the crystallizing anorthosites and others form in
the upper portions of layered intrusions, like the Bjerkreim-Sockndal body [41], whose the
parental magmas come from lower crustal chambers.

Finally, no granitoids residual to the LFA have been found. Yet our calculations of the
crystallization paths of LFA parent magmas shows that such rocks (“Descartesites™) are to be
expected if crystallization of the anorthosites took place at depths < 20 km [42]. Thus their
absence may be the result of crystallization at greater depths. The appearance of a plag + pyx
thermal divide for LFA magma compositions at P > 1 kb (depths > 20 km) prohibits
fractionating, olivine-saturated magmas from reaching silica saturation or even silica enrichment.
The absence of siliceous lunar anorthosites is readily explicable in terms of a well-behaved
magma ocean: no siliceous anorthosites are to be expected as long as the magma ocean
developed a floating crust more than 20 km thick before the magma ocean reached the thermal
divide. So far pyroxene exsolution barometry has placed 2 similar ferroan anorthosites at
cooling depths of 14 and 21 km [43]. More barometry is needed on samples at both the high- and
low-Mg' ends of the LFA array to establish any stratigraphic significance. The presence of
olivine-bearing "sodic" ferroan anorthosites [3] is consistent with either a different parent magma
than that of the 2 calibrated anorthosites or a similar parent magma crystallizing at higher
pressure. In either case, a simple MO scenario does not apply, but crystallization at pressures > 1
kb remains essential to avoiding formation of Descartesites.
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Abstract The Bjerkreim-Sokndal layered intrusion is
part of the Rogaland anorthosite Province of southern
Norway and is made of cumulates of the anorthosite-
mangerite-charnockite suite. This study presents experi-
mental phase equilibrium data for one of the fine-
grained jotunite (Tjorn locality) occurring along its
northwestern lobe. These experimental data show thata
jotunitic liquid similar in composition to the Tjorn jotu-
nite, but slightly more magnesian and with a higher pla-
gioclase component is the likely parent of macrocyclic
units (MCU) 1] and 1V of the intrusion. The limit of the
olivine stability field in the experimentally determined
phase diagram as well as comparison of the Al,O, con-
tent of low-Ca pyroxenes from experiments and cumu-
lates (x 1.5%) vyields a pressure of emplacement
< 5 kbar. Experimentally determined Fe-Ti oxide equi-
libria compared to the order of cumulus arrival in the
intrusion show that the oxygen fugacity was close to
FMQ (fayalite-magnetite-quartz) during the early crys-
tallization.” It subsequently decreased relative to this
buffer when magnetite disappeared from the cumulus
assemblage and then increased until the reentry of this
mineral. Calculated densities of experimental liquids
show a density increase with fractionation at 7. 10 and
13 kbar due to the predominance of plagioclase in the
crystallizing assemblage. At 5 kbar and | atm (FMQ-1).
where plagioclase is the liquidus phase. density first in-
creases and then drops when olivine (5 kbar) or
olivine + ilmenite (1 atm: FMQ-1} precipitate. At
1 atm and NNO (nickel-nickel oxide). the presence of
both magnetite and ilmenite as near liquidus phases in-
duces a density decrease. In the Bjerkreim magma
chamber. oxides are early cumulus phases and liquid
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density is then supposed to have decreased during frac-
tionation. This density path implies that new influxes of
magma emplaced in the chamber were both hotter and
denser than the resident magma. The density contrast
inferred between plagioclase and the parent magma
shows that this mineral was not able to sink in the mag-
ma, suggesting an in situ crystallization process.

Introduction

The study of layered intrusions has provided important
data for the understanding of the chemical and physical
evolution of igneous liquids. Knowledge of the parent
magma composition is necessary to allow modeling of
this evolution. To assess this initial liquid. one can use
the technique of bulk summation of cumulate composi-
tions (Wager 1960; Wager and Brown 1967: Morse
1981) or one can use dikes and chilled margins some-
times occurring around the perimeter of lavered intru-
sions (e.g.. Wager 1960: Longhi et al. 1983: Hoover
1989). Assimilation is likely to have occurred in the
final stage of thg Bjerkreim-Sokndal intrusion evolu-
tion (Demaiffe et al. 1979: Barling et al. 1992: Jensen
et al. 1993) precluding any use of the first method.
This study tests the suitability as a parent magma of
a fine-grained jotunite (jotunite = hypersthene monzo-
diorite = monzonorite) outcropping near the north-
eastern contact of the intrusion (Maijer et al. 1987:
Duchesne and Hertogen 1988) using experimental phase
equilibria. Phase relations of this putative parent liquid
have been determined as a function of temperature.
pressure (1 atm up to I8 kbar) and oxygen fugacity
[NNO (nickel-nickel oxide) to MW-2.5]. By comparing
these experimentally determined phase relationships
with the cumulate stratigraphy of the intrusion. we
also constrain estimates of the pressure of emplace-
ment of the intrusion. and the oxygen fugacity during
the early stage of crystallization as well as the density
changes.



The Bjerkreim-Sokndal layered intrusion (BKSK:; Fig. 1} is part
of the Rogaland intrusive complex of southern Norway where
massif-type anorthosites (Egersund-Ogna; Hiland-Helleren; Ana-
Sira) and leuconoritic bodies (e.g., Hidra) occupy the largest por-
tion of the surface. The intrusion is deformed and has in its north-
ern part the general form of a syncline plunging SE at about 35°
so that a thick sequence of layered rocks is exposed (Michot 1960;
Nielsen and Wilson 1991). Abundant inclusions of Egersund-
Ogna (Duchesne 1970: Wilson et al. 1992) occur at the base of the
intrusion thus indicating a younger age for BKSK. The intrusion
is crosscut by jotunitic dykes among which the most important is
the Lomiand dyke (Fig. 1) (Duchesne et al. 1985).

Recent geochronological data (Duchesne et al. 1993) suggest
that the Rogaland intrusives were emplaced between 920 and 930
Ma. These intrusions have contact metamorphosed the surround-
ing rocks [M2 stage of Jansen et al. (1985)] which grade from
amphibolite to granulite facies conditions (T = 750-900°C) close
to the intrusions (Hermans et al. 1975; Jansen et al. 1985). This
metamorphism has intensely overprinted the older metamorphic
parageneses (M1 stage) which are only observed as relics in the
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Rogaland Province. Several isograds have been mapped (Fig. 1}
by Hermans et al. (1975).

The Bjerkreim-Sokndal layered intrusion

The intrusion contains all the major rock types in the anorthositic
suite: anorthosite, leuconorite, norite, jotunite, mangerite and
quartz mangerite (Fig. 1). Michot (1960, 1965) established the de-
tailed stratigraphy of the massif. He subdivided the Layered Series
of the Bjerkreim lobe, which belongs to the lower. northwestern
part of the massif, into five major rhythmic units. Foilowing the
nomenclature recommended by Irvine (1982). Nielsen and Wilson
(1991) refer to these units as macrocyclic units (MCU). Moreover.
these authors have argued that MCU V, leuconoritic at its base
and noritic in its upper part, does not display any primitive miner-
al compositions and consider that MC U IV directly grades into
the massive mangerites and quartz mangerites belonging to the
top of the intrusion through a norite-mangerite Transition Zone
defined by Duchesne et al. {1987). More recently, Wilson et al.
{1992) have subdivided the Layered Series into 6 megacyclic units
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Fig. | Schematic geological map of the Rogaland anorthositic
complex [after Hermans et al. (1975) and Michot (1960)]. 1
anorthosites. 2 lower part of the Bjerkreim-Sokndal intrusion. 3
mangerites of the Bjerkreim-Sokndal intrusion, 4 quartz-manger-
ites of the Bjerkreim-Sokndal intrusion: $ jotunitic complex. 6
Farsund charnockite. 7 metamorphic envelope. jotunitic dykes in
black (L Lomland. T Tellnes). K Kldgtveit. H Hellevatnet. TJ
Tjorn. Isograd patterns (opx orthopyroxene. osum osumilite. pig
pigeonite) after Hermans et al. (1975)

Fig. 2 Internal subdivisions of macrocyclic units {MCU) based on
cumulus mineral assemblages [after Jensen et al. (1993) and
Nielsen and Wilson (1991)], (plag plagioclase, ilm ilmenite. opx
low-Ca pyroxene. oliv olivine, mgt magnetite, cpx Ca-rich pyrox-
ene. ap apatite, Kspar K-feldspar. IP inverted pigeonite. QMG
quartz mangerite. MG mangerite, JTZ jotunite transition zone).
Thickness measured from the country-rock contact
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(MCU 0 to 1V). In order to maintain the numbering of Michot
(1960, 1965: units I1, 111 and IV are equivalent in both nomencla-
ture). they refer to the lowest three units as MCUQ, 1A and IB. The
MCUs 0, I and II are essentially made of anorthositic and leu-
conoritic cumulates and lack norites at the top (Wilson et al.
1992). In MCUs 11l and 1V, the lithological sequence is more
complete (Fig. 2) comprising a thin zone of essentially anorthositic
composition followed by leucotroctolites which are overlain by
plagioclase + hypersthene + ilmenite cumulates and then by
norites. The roof of the intrusion was located above the quartz
mangerites and has been eroded away. The origin of these quartz
mangerites is still in dispute. They were first considered as comag-
matic with the rocks of the lower part of the intrusion. Subsequent
Sr isotopic data (Demaiffe et al. 1979) have however shown impor-
tant assimilation of the surrounding gneisses and in 1984, Wiebe
proposed that these rocks could correspond to the melted roof of
the intrusion. This last hypothesis has been rejected by Wilmart
(1988) and Duchesne and Wilmart (1989) who consider that the
mangerites, the quartz mangerites and the charnockites are repre-
sentative of a series of liquids which can be divided into two
trends. Based on trace element modeling (Rb, Sr), Wilmart (1988)
suggests that in both trends, evolution is not controlled by partial
melting but by fractional crystallization processes taking place in
more deep-seated magma chambers.

Michot (1960; 1965), Duchesne (1971, 1972a,b), Duchesne et
al. (1987), Nielsen and Wilson (1991) and Jensen et al. (1993) em-
phasized the cryptic layering of the Layered Series with minerals
having more evolved compositions towards the top of the se-
quence. Olivine is absent in the lower part of the massif except at
the base of MCU I1I (Epteland unit: Nielsen and Wilson 1991)
and MCU 1V (Svalestad horizon: Michot 1960). These two hori-
zons display the least evolved cumulates: Foy 7, and Ang 4.
Olivine reappears with a more evolved composition (Fos) in the
Transition Zone and in the mangerites. According to the cumulus
phase stratigraphy (Nielsen and Wilson 1991; Jensen et al. 1993),
the crystallization sequence is plag + opx + ilm (a) — plag
+ oliv + ilm + mgt (b) — plag + opx +ilm (c) — plag
+ opx + ilm + mgt (d) — plag + opx + ilm + mgt + cpx
+ ap (e) (Fig. 2, see caption for mineral abbreviations). Duchesne
(1972a) suggested that each unit corresponds to the crystallization
of a new magma influx which mixes with the resident magma.
Recent Sr (Jensen et al. 1993) and Nd (Barling et al. 1992) isotopic
data have supported this hypothesis.

Detailed mapping across the MCU HI/IV boundary suggests
a discordance of 2 to 6° between the base of MCU IV and phase
lavering in MCU 1II (Nielsen and Wilson 1991). Moreover, based
on the lack of unit Ille in the central part of the chamber, these
authors suggest that crystallization of MCU III occurred in a
compositionally zoned magma chamber on an inward-sloping
floor by down-dip accretion and that the new dense magma of
MCU IV fountained in the chamber and mixed with the residual
magma already present in the chamber producing a hybrid unit at
the base of MCU IV (MCU IVa).

Parent magma of Bjerkreim-Sokndal and description
of the sample used

Michot (1960) suggested that a basaltic composition was preclud-
ed for the parental magma of the intrusion since ultramafic cumu-
lates are lacking at the base of the Layered Series. Through mod-
eling of Ca, K and trace elements in plagioclase (Sr, Ba) and
apatite (REE), Duchesne (1978) and Roelandts and Duchesne
(1979) suggested a jotunitic composition having a REE distribu-
tion similar to that of the jotunitic chilled margin of the Hidra
body (Demaiffe and Hertogen 1981). Duchesne and Hertogen
{1988) argued that a fine-grained jotunitic border facies outcrop-
ping at Tjérn was the first direct constraint on the composition of
the parent magma of BKSK.

The locality of Tjorn was first described by Maijer et al. (1987)
at the north-eastern contact of the intrusion with its envelope.

More recently, detatled mapping has shown that the Tjorn out-
crop is actually at 300 m from the contact in the intrusion {J.
Sandal, personal communication in Nielsen and Wilson 1991:
Fig. 1). Nielsen and Wilson (1991), though also in favor of a jotu-
nitic composition, have questioned the hypothesis that Tjorn un-
equivocally represents the BKSK parent magma. Other fine-
grained jotunites have now been reported (Wilson et al. 1992) at
several places along the northern contact, especially at Klogtveit
and Hellevatnet (Fig. 1). These jotunites are broadly similar in
composition to the Tjorn (TJ) samples but display some hetero-
geneity as usually observed in chilled margins (e.g.. Hoover 1989).
This heterogeneity is likely to result from accumulation of phe-
nocrysts (plagioclase) or assimilation from wall rock.

The 80.12.3A sample (Table 1) is equigranular and is made of
a slightly antiperthitic plagioclase (An, Ab,,Or.), inverted pi-
geonite (En. Fs,,Wo,) with augite exsolutions, cpx, oxides, apatite
as well as scarce quartz and K-feldspar. The inverted pigeonite is
poikilitic interstitial; apatite is small, usually elongated and dis-
seminated in the different minerals of the rock predominantly in
the plagioclase and not in oxides. The grain size (0.5-1 mm) is
significantly lower than that of the BKSK cumulates (2-3 mm).
Moreover, the texture and grain size are similar to those observed
in the chilled margins of the jotunitic dykes crosscutting the
anorthosites, consistent with the hypothesis that sample 80.12.3A
was emplaced as a liquid (Duchesne and Hertogen 1988). Com-
parison of the CIPW norms of the 80.12.3A sample and the
Kiglapait (Ki) Upper Zone liquid at 85PCS (Ki85) (S.A. Morse.
personal communication; Morse 1981) shows that both samples
are similar in normative apatite (TJ = 1.68%:Ki = 1.34%), mag-
netite (TJ = 3.02%; Ki = 441%), ilmenite (TJ = 6.84%:
Ki = 7.14%). anorthite (plag) (TJ = 40.6%: Ki = 44.8%) but TJ
is richer in hypersthene (TJ = 19.04%: Ki = 2.68%) as well as
orthose (TJ = 6.12%: Ki = 2.22%) and lower in clinopyroxene
(T] = 562%; Ki=2293%) and olivine (T] = 1.24%,
Ki = 14.45%) than Ki85. Tjorn sample is then jotunitic and Ki85,
ferrogabbroic.

Experimental and analytical methods
Starting material and experimental procedure

Powder of sample 80.12.3A was provided by J.C. Duchesne. One
atmosphere and high pressure experiments were all performed at
Lamont-Doherty. Experimental conditions are reported in Table
2. The 1 atm melting experiments were conducted in a Deltech
vertical quenching furnace in a CO/CO. atmosphere using the
Pt-wire loop technique. To minimize iron loss, Pt-loops (0.1 mm
wire diameter) were presaturated in Fe by running them for 48
hours at the experimental conditions with a large amount of sam-
ple; then the loops were cleaned in HF and reused for the experi-
ments. Pellets of powder rock were sintered on Pt-wire loops . The
CO-CO, gas mixtures were controlled with calibrated flow meters
and f,,, was measured using a (Zr, Ca)O, electrolyte cell. The 1 atm
experiments were carried out at different f,.: NNO (nickel-nickel
oxide) (run nos. TJ-37, 36, 31, 26, 38, 29, 32, 33, 34), MW (mag-
netite-wiistite) (run no. TJ-27-30), FMQ-1 (fayalite-magnetite-
quartz) (run nos. TJ-48, 45, 46, 52, 53, 55} and MW-2.5 {run nos.
T1-49, 50) in order to constrain the f;,. of the Bjerkreim-Sokndal
magma chamber and because f,, is known to play an important
role in liquid fractionation (Osborn 1959). This range of oxygen
fugacities overlaps the one suggested by ilmenite-magnetite equi-
libria in the cumulates (Duchesne 1972a). The cell was calibrated
against the Ni-NiO solid buffer and f,, is accurate to within
+ 0.10 log units. Temperature was measured and monitored us-
ing a Pt-Pt10Rh thermocouple. This thermocouple was calibrated
against the melting point of gold and found to agree within
+ 2°C. Temperatures are accurate to within + 2°C. In order to
reduce Na loss, low gas flow rates (0.1 cm/s) and large amounts of
sample were used. After each experiment, the samples were lightly
crushed, mounted in epoxy and polished.
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Table 1 Composition of the TJ and Hidra jotunites. Values for ferrous iron are by titration (LOI loss on ignition)

No. Locality SiO, TiO, AlO, Fe,O; FeO MnO MgO CaO Na,0 K,O0 P,0; LOl Total

D80.12.1* Tjorn 4957 495 1411 648 772 014 546 621 357 100 107 000 100.28
D80.12.3A* Tjorn 4939 367 1581 5381 788 013 454 687 350 09 071 000 99.17
D80.12.4* T)orn 49.27 522 1400 581 908 0.15 571 618 372 106 079 000 10098
Tjaver® Tjorn 4970 363 1578 500 837 015 444 681 38 105 064 nd 99.45
TI¢ T)érn 4954 346 1604 nd 1306 013 454 682 365 094 063 nd 98.81
H17234¢ Hidra 4980 428 1410 220 1170 0.17 490 600 350 195 091 032 99.83
H17020° Hidra 4800 461 1420 500 1040 0.8 460 640 360 108 08t 085 99.81
2 XRF data from Piron (1981) © Electron microprobe analysis of starting composition

b Average composition of samples 80.12.3A and 83.17.2 from ¢ From Duchesne et al. (1974)
Duchesne and Hertogen (1988)

Table 2 Experimental condi-

tions, See Table 3 for experi- ~ Experimentno.  T(°C) P tth  fo, Products
mental product compositions )
‘(g! glass, pl plagioclase, TJ-37 1190 Ibar 16 NNO glse: Ple, i, mt,
opx low-Ca pyroxene, TJ-36 1175 1 bar 16.5 NNO glss, piy, ilo, mt,
pig pigeonite, aug augite, TJ-31 1160 1 bar 18 NNO glys, plis, il mtg
il ilmenite, mt magnetite, up T1-26 1148 1 bar 265 NNO gly, plisy ilo, mt;
ulvéspinel, grr garnet: numbers TJ-38 1133 1 bar 22 NNO glsss Plaa, OPXo. 1o s, Mty
after phase symbols are phase TJ-29 1118 I bar 52 NNO glsor Plag, 0Px ;. tlg 5, Mty
proportions calculated from TJ-32 1105 1 bar 46 NNO glss plsg, OPXe, ilg 3 Mty1 5, UPy
mass balance of the experi- T3-34 1085 1 bar 72 NNO glss Plia, OPXo. pigs. aug,. il mty,, up,
mental products against bulk ~ TJ-33°1 1071 I bar 695  NNO glxo, Plsy. OPXy, Pigis. augy. ily, up,»
composition, see text for ex- TJ-332 1071 ! bar 69.5 NNO glie Plss, OPXo, Pigys. augy, ilo, up,:
planation) T1-48 1150 i bar 17.5 FMQ-1 gl plg

TJ-45 1124 1 bar 92.5 FJQ-1 gleg, Plas, ol ik

TJ-46 1090 1 bar 97 FMQ-t  glg, plis. ol il,, ups

TJ-52 1080 1 bar 192 FMQ-1  glss, plas. Olyss Pigo. ily

TJ-53 1070 1 bar 162 FMQ-1 gl plas 0y pigs. ile, mty, up,

TI-55 1065 1 bar 167 FMQ-1  gl.,, plsy, oly4 aug, il pige

T3-27 1140 1 bar 23 MW glos, Pls

TJ-30 1110 1 bar 52 MW glyg, Phss OLs. i1y, up,

TJ-49 1125 1 bar 48 MW-25  gly, plis Ols il

TJ-50 1090 1 bar 92 MW-2.5 gl plis. 0lyy, il

TJ-17 1170 S kbar 5 gl

TIJ-25 1165 S5kbar 43 gl

TJ-28 1160 5 bar 21 gl

TJ-43 1150 Skbar 41 glss. plg

TJ-40 1135 Skbar 48 gls,. plys, Ol

TJ-23 1130 Skbar 47 gl;s. play, ol

TJ-51 1110 5kbar 545 gls. plaa, 0l ilg

TJ-47 1100 5kbar 95 glis. plyo, ol pigg, il

TJ-1 1170 7kbar 72 glys, ply

TJ-41 1155 7 kbar 48 glg7. ply,. Oopxa

TI-9 1145 Tkbar 73 gles, plis OPXa, ily

TJ-3 1120 7kbar 90 glsi. plys, OPXyy, Ol i1,

TJ-4 1095 7 kbar 144 2lse. plag, olo. piga, il

TI-5 1190 10 kbar 46 gl

TJ-16 1175 10 kbar 48 gl

TJ-18 1165 10 kbar 44 gl

Ti-20 1160 10 kbar 25 gls. ple, OPX,4

TJ-7 1130 10kbar 70 gloe, Plig, OPXs. 11

TI-8 1100 10 kbar 89 2lsg, Plia, OPX;as Pige, AU, il;

T1-24 1190 13kbar 15 gl .

TJ-12 1185 13 kbar 50 glss. plo, OpXs

TIJ-11 1162 13 kbar 94 glse, Ply1, OPXe, PiBos aUg,, iy

TJ-10 1160 13kbar 70 gl plis, OpPXs, Pigo aUgs, il

TJ-13 1130 t3kbar 93 gl plass OPXg, Pige, AUL,. i)

TJ-35 1215 16 kbar 22 glgs, augs

TJ-14 1200 16 kbar 48 glge. aug,, grt,o

TI1-44 1225 18kbar 50 gl grt
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High pressure experiments were all run in a standard Boyd
and England (1960) piston cylinder apparatus (1:2") using the
cold piston-in method (Johannes et al. 1971). Approximately
0.01 g of rock powder was packed in a graphite cell which was
then placed in a dense alumina insulator. This assemblage and
crushable alumina insulators were introduced in a pressure cell
made of sintered BaCO,. In order to achieve dry conditions, the
entire assembly was dried overnight in a vacuum oven
(T = 110°C). Using this technique on a powdered anorthositic
dike. Fram and Longhi (1992} reported H,O content less than
0.15% in a superliquidus glass. Temperature was controlled and
monitored using a Pt-Pt1I0Rh thermocouple. The thermocouple
was separated from the top of the graphite cell by a crushable
alumina wafer (0.5 mm). Thermocouple e.m.f. was not corrected
for P. Pressure and temperature have been calibrated for this
system by Fram and Longhi (1992). The temperature offset be-
tween thermocouple and sample is 20°C and temperatures report-
ed in Table 2 have been corrected for this difference. The difference
between the applied and the actual pressure is linear between 5
and 30 kbar (2 kbar at 5 kbar and 4.5 kbar at 30 kbar). A friction
correction is not included in the pressures reported in Table 2.
After each experiment. the whole cell assembly was mounted in
epoxy and polished. The use of unsealed graphite capsules has
probably resulted in loss of CO. as graphite is porous to fluids at
high pressure and temperature (Holloway et al. 1992) and conse-
quently in reduction of ferric iron producing low oxygen fugacity
in these experiments. Using the composition of ilmenites present
in the high pressure experiments and the geobarometer of An-
dersen and Lindsley (1988). the oxygen fugacities were estimated
to lie between FMQ-4 and FMQ-2. the latter value being close to
the CCO buffer.

Analyvtical method

The experimental charges were analyzed using the CAMEBAX.
MICRO wavelength dispersive system at Lamont-Doherty. Ac-
celerating voltage was set at 15 k\" and a sample current of 5nA
was used for Na and K and of 25 nA for Si. Ti. Al Fe. Mg, Mn. Ca,
P and Cr. Counting times were 20 s and data were reduced using
the PAP corrections program of Cameca. Minerals were analyzed
with a point beam and glasses with a defocussed beam of 5 pm to
minimize alkali loss. Different calibrations were used for glasses
(glass standard GLCV = Ca. Mg Si, Al fayalite = Fe:
rhodonite = Mn: microcline = K: labradorite = Na:; ru-
tile = Ti: apatite = P: uvarovite = Cr), plagioclases, oxides {he-
matite = Fe. ilmenite = Ti: anorthite = Ca, Al: enstatite = Si,
Mg: uvarovite = Cr: rthodonite = Mn). as well as pyroxenes and
olivines. Major element compositions of the experimental runs are
reported in Table 3. The totals for ilmenites and ulvospinels
present in the 1 atm experiments performed at NNO are systemat-
ically low with lower totals for ilmenites than ulvospinels. The
origin of this deficiency is still unknown. The possible occurrence
of minor components such as Zn. V. Nb and Ta has been checked
without success.

Although experimental conditions at 1 atm have been chosen
in order to achieve conservation of mass, Fe and Na loss may still
have occurred in some experiments. Consequently. mass balance
between the bulk composition of the starting material and the
compositions of all phases present in one experimental charge
{Table 3) (with allowance for Na and Fe loss) has been computed
using a least squares multiple regression. With this method, pro-
portions of all coexisting phases (Table 2) are given as well as the
extent of Fe and Na loss. Results show that Na loss varies between
0 to 14 relative percent and Fe loss. from 5 up to 9 relative percent.
In some cases. mass balance calculations yielded negative propor-
tions for phases that were actually present in the experimental
charge. This results from the arrangement of phases in the compo-
sitional space. In these cases. mass balances cannot be used lo test
if mass was conserved during the course of the experiment. Never-
theless. in order to obtain estimates of phase proportions in these
experiments, phases with negative proportions have been exclud-

ed (proportion 0 in Table 2) and their components included in the
other phases. This results in an increased proportion of the re-
maining phases. In three experiments (T}-38, T1-29. TJ1-34) mass
balance calculations resulted in proportions of phases that were
too high (X = 107 for TJ-38: X = 104 for TJ-29: L = 109 for
TJ-34). In these experiments, Na loss ranges from 7 to 14% but
important Fe gains are obtained (up to 45%) due 10 an overesti-
mation of magnetite proportion in mass balance calculation.

Approach towards equilibrium

In the experiments described here. melt proportions are usually
high (above 30% except in TJ-33 (20%). TJ-55(22%) and Tl-4
(26%)). This together with the long experimental durations (from
16 10 144 h) allowed ciose approach towards equilibrium. Never-
theless. backscattered electron imaging shows a slight zoning in
pyroxenes and plagioclase of some runs and the low Wo content
of the low-Ca pvroxenes cores is in agreement with an origin as
relics of the rock powder (see sample description in section 3).
These phases are clearly not in complete equilibrium. According-
ly, only the rims of minerals surrounded by meit have been ana-
lyzed and there are several lines of observation which suggest that
local equilibrium was approached between rims and liquid. In-
deed. the Fe-Mg exchange partition coefficient between low-Ca
pyroxene and melt is nearly constant [average K, = 0.27 + 0.02
(1o)] and in agreement with results from other studies {Kinzler
and Grove 1992). Within analytical uncertainty. melt composi-
tions are homogeneous in the experimental charges except in TJ-
33 which has been performed at low temperature (melt proportion
x 20%) and will not be considered in further discussion. Crystals
are generally large (50-100 ym) and subeuhedral to euhedral (0x-
ides usually have a more rounded shape). Finally. two different
runs (TJ-10 and TJ-11: P = 13 kbar and T = 1160°C) were per-
formed at the same P-T conditions and show that the reproduci-
bility of the method is very good. Both experiments display the
same phase assemblages (melt + plag + opx + pig + aug +
itm) and phase proportions. Moreover. rims of plagioclase and
opx are compositionally identical (An,, ,, and Eny,: see Table 3}.
Augite and pigeonite have slightly different compositions (pig:
Eng,Fs;.Wo,, in TJ-10 and EngFs.Wo, in TI-11: aug:
En,,Fs,Wo,, in TJ-10 and En,,Fs,,Wo.. in TJ-11) suggesting
that these phases are slower to equilibrate.

Experimental results

The phase equilibria for sample 80.12.3A as a function
of pressure and temperature are shown in Fig. 3. For
1 atm experiments, only those performed at MW have
been shown on the phase diagram. Plagioclase is the
sole liquidus phase from 1 atm up to 7 kbar. followed by
olivine at low pressure {1 atm (MW) and 5 kbar] and by
low-Ca pyroxene at 7 kbar. At 10 and 13 kbar. the lig-
uid is multiply saturated with plagioclase and low-Ca
pyroxene. followed at lower temperature by ilmenite,
pigeonite, and augite. At 16 kbar, the liquidus phase is
sub-calcic. aluminous augite followed by garnet where-
as at 18 kbar, garnet is the liquidus phase.

At 1 atm and NNO, the liquidus temperature is sig-
nificantly higher (> 30°C) than at more reducing condi-
tions. Ilmenite, magnetite and plagioclase are the lig-
uidus phases, joined at lower temperature by low-Ca
pyroxene instead of olivine as observed at lower fo.
This results from the higher ag, in the melt due to early
crystallization of oxides. This phenomenon has also de-
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pleted the residual liquids in FeO resulting in a much
higher En content of low-Ca pyroxene in TJ-38 (Eng,:
see Table 3) than at 7 kbar (TJ-41: En,,). At lower tem-
perature (TJ-34), pigeonite, augite and ulvospinel crys-
tallize.

At FMQ-1. MW and MW-2.5, phase equilibria are
similar. suggesting that below FMQ, there is little differ-
ence in the crystallization sequence. However. ilmenite
is more abundant at FMQ-1 than at MW-2.5. At FMQ-
[, magnetite (TJ-53) and ulvéspinel (TJ-46. TJ-53) occur
in the cores of olivine grains and have not been observed
as isolated grains surrounded by melt. Their occurrence
as stable phases in these experiments is then question-
able. At MW-2.5. ilmenite is the only stable oxide
whereas at MW, ilmenite together with ulvéspinel occur
in TJ-30.

limenites occurring at NNO have a much higher
Al O, content (0.49-5.24%) than those present at lower
fi. (0.22-0.72%) and in the cumulates of BKSK (0.0~
0.6%). The NNO ilmenites crystallized at a higher fo,
than existed in the earlier stages of the intrusion (see
below). This high f,,, stabilized the oxides at the expense
of the mafic silicates. thus allowing the oxides to precip-
itate at higher temperatures from liquids with higher
AlLO,. This higher Al,O, content of the liquid also re-
sults from the smaller proportion of plagioclase in the
liquidus assemblage of the NNO experiments. At lower
fo.. the AlLO; content of natural and experimental il-
menites is similar. The MgO content of experimental
ilmenites is similar whatever the f. (3.43-6.30%) but
higher than that of the natural oxides (0.06-2.9%).
Duchesne (1972a) has shown that the Fe** and Ti con-
tents of the natural oxides have been modified during
subsolidus cooling. The experimental data presented
here suggest that their MgO content might also have
been affected by this readjustment. The occurrence of
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spinel grains in the reaction rims (spinelliferous ilmenite
of Duchesne 1972a) at the contact between ilmenite and
magnetite grains supports this hypothesis.

The experimental results are consistent with the hy-
pothesis that f,, which controls the early appearance of
magnetite, can play a key role in determining the course
of fractionation, particularly with respect to silica en-
richment (Kennedy 1955; Osborn 1959). Nevertheless, it
must be emphasized that the liquidus crystallization of
both oxides at NNO is also made possible by the high
FeO content of the parent composition.

Pressure effects

The anorthite content of the liquidus plagioclase
changes from Ang, at | atm to Ang at 7 kbar. A large
pressure effect on the plagioclase partition coefficients
has already been observed by Green (1969) for quartz
dioritic, gabbroic anorthositic and high-Al basalt lig-
uids and by Fram and Longhi (1992) for a high-Al
basalt composition. It is corroborated by the present
experimental data on a more ferrous and potassic com-
position. This pressure effect is best displayed as the
difference between the log of the observed partition co-
efficient of albite and the log of the Kd,, calculated at
1 atm as a function of pressure (Fig. 4). The logKd,, at
1 atm has been calculated using the model of Drake
(1976) and the model of Weaver and Langmuir (1990:
C.H. Langmuir, personal communication). Both models
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Fig. 4 Compositional change of plagioclase as a function of pres-
sure. Alog Kd ,, is the difference between the observed logKd ,, at
P and the logKd ., calculated at 1 atm using the models of Drake
(1976) or Weaver and Langmuir (1990}
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show an increase of the Kd,, with pressure. Neverthe-
less, there is a spread in data points obtained at a given
pressure. This feature results from compositional effects
not taken into account in the models as discussed by
Longhi et al. (1993).

Figure 5 shows that the Al,O, content of low-Ca py-
roxene in equilibrium with plagioclase strongly increas-
es with pressure in agreement with experimental results
obtained by Emslie (1975), Maquil (1978), Fram and
Longhi (1992) and Longhi et al. (1993). Longhi et al.
(1993) have shown that the increasing content of Al,O,
with pressure in low-Ca pyroxene results primarily from
changes in crystal-liquid partitioning with little contri-
bution from any increase in Al,O, in the liquid. Conse-
quently, comparison of the Al,O, content between natu-
ral and experimental orthopyroxenes provides some
constraint to the pressure of emplacement of the intru-
sion. However, the interpretation is clouded somewhat
by the fact that our experiments did not produce opx at
5 kbar. The opx-bearing melts at NNO and ! atm
lacked olivine and were probably much different
(> 57% Si0,) than those in BKSK during the initial
stages of opx crystallization (x 50% SiO,), so direct
comparison may not be precise. Furthermore, the low-
Ca pyroxenes present in the BKSK cumulates (opx) and
in the TJ sample (inverted pigeonite) have exsolved
some augite and are lower in CaO than the experimen-
tal pyroxenes. Nevertheless, Longhi et al. (1993) have
shown that the Al,O, contents of the exsolved crystals
are probably not significantly different from the original
concentrations. Orthopyroxenes of BKSK display a low
Al,O, content close to the 1 atm experimental opx and
below those of 7 kbar. Moreover, the mean AlLO, of the
TJ inverted pigeonite is 1.05%. This is less than, but
close to the 1.21% average Al,O, in the 5 kbar pigeonite
(TJ-47: Table 3). Consequently, these data suggest a
pressure of emplacement less than or equal to 5 kbar.
This will be discussed in more detail in the discussion.
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Fig. 5 Al,O, and CaO concentrations (wt%) in experimental low-
Ca pyroxenes in equilibrium with plagioclase as a function of
pressure. Data on opx from the BKSK cumulates are from Duch-
esne (1972b). The low-Ca pyroxene of the TJ sample is an inverted
pigeonite (see text). Vector indicates mixing path between low-Ca
pyroxene host and augite lameliae
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Fig. 7 Projection on the silica-olivine-plagioclase plane from wol-
lastonite. 1 bar phase boundaries were calculated with the method
of Longhi (1991). (QWo Quaternary wollastonite component,
NAB and NOR albite and orthoclase mole fractions in the norma-
tive feldspar, Mg #. MgO/(MgO + FeO) in mole units). The 7
and 10 kbar phase boundaries have been located with TJ-1 and
TJ-20, respectively

The exchange partition coeflicient between ilmenite
and melt [(Fe/Mg)ilm/(Fe/Mg)melt] is shown as a func-
tion of pressure in Fig. 6. Only near-liquidus ilmenites
have been considered in order to avoid compositional
effect and ilmenites of the NNO experiments are not
plotted on the diagram (see above). These experimental
data suggest a positive pressure dependence of the ex-
change partition coefficient as observed for olivine (Ul-
mer 1989).

Experimental data show that the position of phase
boundaries is shifted with pressure (Fig. 7). The 1 atm
boundaries shown on Fig. 7 have been calculated with
the algorithms of Longhi (1991) which account for the



change of phase boundaries with Mg # and alkali con-
tent of the liquid. With increasing pressure, the low-Ca
pyroxene field is enlarged at the expense of the plagio-
ciase and olivine fields. The extent of the shift is similar
to that found by Fram and Longhi (1992) on a high-Al
basalt.

Fractionation paths

The compositions of experimental liquids at 1 atm and
high pressure are shown in Figs. 8 and 9, respectively. At
1 atm, SiO, is chosen as the differentiation index since in
the NNO experiments MgO is nearly constant for most
of the crystallization interval due to the late appearance
of silicate ferromagnesians. At NNO, the liquidus crys-
tallization of ilmenite and magnetite produces a drastic
increase in SiO, from 50% to 60% as well as a rapid
decrease in FeO and TiO,. Oxides Na,O and Al,0, are
progressively depleted due to their incorporation in pla-
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Fig. 8 Fractionation trends in the 1 atm experiments with 810, as
a differentiation index
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gioclase which is always a liquidus mineral whereas
K,O and P,O; are enriched in successive liquids. At
FMQ-1, TiO, decreases as soon as ilmenite crystallizes,
MgO decreases more rapidly than at NNO as olivine is
a near liquidus phase and the drop in Na,O and Al,O,
is more important due to the higher proportion of pla-
gioclase.

MgO is used as the differentiation index at high pres-
sure because SiO, varies only slightly. In most diagrams
(A1,O,-P,05-FeO-TiO,-Si0,), the 5 kbar and 7 kbar
trends strongly differ from those at 10 and 13 kbar be-
cause plagioclase is the sole or the most important
phase in the high temperature part of the 5 and 7 kbar
trends. Plagioclase crystallization induces a slight in-
crease in MgO at 5 and 7 kbar correlated with a rapid
increase in FeO, TiO, and P,0;, as these components
are incompatible in plagioclase, and a decrease in Al.O,
and SiO, which are incorporated in this mineral. The
TiO, drops when ilmenite crystallizes. Here too, K.O
and P,O; are progressively enriched in the liquids and
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the slope of the KO trend decreases with pressure as the
crystallized pyroxene plagioclase ratio increases. Both
FeO and P,O. trends show a reversal with increasing
pressure. Their incompatible character increases from 5
to 7 kbar and then decreases from 7 to 10 and 13 kbar.
As already pointed out above. the first ferromagnesian
mineral to appear is olivine at 5 kbar and low-Ca py-
roxene at 7, 10 and 13 kbar. As olivine has a much
higher FeO content (x 30%. see Table 3) than low-Ca
pyroxene (x 19%), early crystallization of similar pro-
portions of olivine instead of low-Ca pyroxene will in-
duce a slower increase in FeO. Moreover, FeO is less
incompatible at 10 and 13 kbar than at 7 kbar due to
the increasing proportion of low-Ca pyroxene with
pressure in the crystallizing assemblage. Considering
the available data on the partitioning of phosphorous
between mineral and liquid (Anderson and Greenland
1969). this element is increasingly incompatible in il-
menite. olivine, pyroxenes and finally plagioclase. This
is supported by the measured content of P,O; in miner-
als occurring in TJ-52 (olivine, 0.13%; pigeonite, 0.03%
and plagioclase, 0.01%). Accordingly, the slower in-
crease in P,O; observed at 5 kbar compared to that at
7 kbar is probably due to the early crystallization of
olivine at low pressure whereas the increasing propor-
tion of low-Ca pyroxene in the crystallizing assemblage
from 7 to 13 kbar decreases the incompatibility of phos-
phorous.

Discussion
Suitability of T} as a parental magma of the intrusion

The crystallization sequence observed in the 5 kbar ex-
periments (plag — plag + ol — plag + ol + iim) is
close to that inferred for the primitive BKSK cumulates
of MCUs I and 1V (Jensen et al. 1993; Nielsen and
Wilson 1991). However. the effect of the relatively lower
oxidation state superimposed by the graphite capsules
in the high pressure experiments is to reduce the amount
of ferric iron and increase the fayalitic component of the
starting material. As a result. the Mg # of olivine (Fo,,
max) and pyroxene (Eng, max) is somewhat lower than
it should be and the stabilities of olivine relative to low-
Ca pyroxene and pigeonite relative to orthopyroxene
are enhanced. Moreover, this low f; prevents early
crystallization of ilmenite and magnetite (see below).
Consequently, comparison of experimental and natural
plagioclase is a more reliable test of Tjorn as a parent
magma and the limit of olivine stability at high pressure
in the experiments is an upper limit for pressure of crys-
tallization of the intrusion. The least evolved cumulates
in the intrusion contain olivine (Fo,;) and plagioclase
(An..) together with ilmenite and magnetite. The plagio-
clase composition at the liquidus is An, at 5 and 7 kbar,
- so TJ is slightly more evolved than the BKSK parent in
terms of plagioclase component.

In order to compensate for the difference between the
ambient f,_ in the graphite capsules and the probable f,,,
of the intrusion (FMQ, see below), the Fe*~ Fe’ " ratio
of the liquid at the temperature of olivine precipitation
at 5 kbar (1130°C) has been calculated following Kress
and Carmichael (1991). As Toplis et al. (in press) have
shown that P,O; decreases the Fe.O,'FeO ratio in a
ferrobasaltic melt, their proposed minimum dp,(,s factor
of —6 has been incorporated in the Kress and
Carmichael (1991) model. Then, taking into account the
pressure (Ulmer 1989) and compositional dependence
(Longhi et al. 1978) of the olivine K, the olivine compo-
sition in equilibrium with Tjorn has been calculated to
be Fo,,. Given the large uncertainties associated with
the application of the Kress and Carmichael model (esti-
mate of the error propagation suggests that In(X g.:0:
X ko) is known within + 0.35 In units), this value of Fo,,
is in agreement with that obtained by Duchesne and
Hertogen (1988) (Fo,;) who used the Ford et al. (1983)
equations (1165°C at 6 kbar) in their calculations and
the measured Fe*~/Fe’* ratio of the rock. Thus TJ is
somewhat more evolved than the BKSK parent in terms
of Mg # [Mg/(Mg + Fe’")] as well. The occurrence of
pigeonite at 5 kbar (TJ-47, see Table 3) instead of or-
thopyroxene corroborates this conclusion as the Mg #
is the primary factor controlling opx versus pigeonite.
Therefore, a jotunitic liquid similar in composition to
TJ, but slightly more magnesian and with a more anor-
thitic plagioclase component, is the likely parent mag-
ma of MCUs 111 and IV of the BKSK intrusion. Per-
haps a small amount of wall rock assimilation or tran-
sient fractionation en route to the site of emplacement is
responsible for the difference.

Based on REE and Sr isotopic compositions, De-
maiffe and Hertogen (1981) suggested that the chilled
margin observed around the perimeter of the Hidra
body is the parent magma of this intrusion. As TJ is
compositionally very close to the Hidra margin (Duch-
esne et al. 1989) (see Table 1), these results show that an
important volume of jotunitic magma has been em-
placed in Rogaland at the same time or shortly after the
emplacement of massif-type anorthosites and yielded
the BKSK and Hidra intrusions as well as the jotunitic
complex (Fig 1).

Pressure of emplacement of the intrusion
and of M2 stage

Given that graphite capsules may have enhanced olivine
stability (see above), 5 kbar is a probable maximum for
the emplacement of the BKSK intrusion. Comparison
of Al,O, contents in experimental and natural opx also
suggests a pressure less than or equal to 5 kbar, as dis-
cussed above.

The pressure of emplacement of the intrusion has
strongly been debated among authors. Jansen et al.
(1985) found a pressure of 4 to § kbar using the garnet-
orthopyroxene-plagioclase-sillimanite geobarometer in



the contact aureole of the intrusion (stage M2). Maijer et
al. (1981) suggested that the osumilite occurrence in the
northern part of the contact aureole of the intrusion
points to a lower pressure of 3 to 4 kbar. Nevertheless,
Wilmart and Duchesne (1987) pointed out that accord-
ing to experimental data (Grew 1982; Hensen 1977,
Olesch and Seifert 1981), osumilite is stable up to higher
pressures (8 — 10 kbar) when Py o is low and suggested
a higher pressure of 6 to 7.5 kbar for the emplacement of
the Rogaland intrusions (stage M2). Moreover, accord-
ing to Wilmart et al. (1991) CO-rich fluid inclusions
observed in the mangerites of the upper part of the in-
trusion also point to a pressure of 7.4 + 1 kbar.

The estimation of Wilmart and Duchesne (1987) is
based on the stability of the assemblage olivine
(Fa,,Fo,) + quartz in the upper part of the BKSK in-
trusion and of Fe-rich opx (Fsg:En ;Wo,). With these
assemblages. they obtained upper (7 kbar) and lower
(5.7 kbar) limits for the pressure of emplacement of this
intrusion using the Bohlen and Boettcher (1981) geo-
barometer., which is based on the equilibrium
opx = olivine + quartz determined in the FeO-MgO-
Ca0-SiO, system. Increasing Fe content of opx will
move this equilibrium towards higher pressure. In their
application of this geobarometer. Wilmart and Duch-
esne (1987) didn't take into account other components
such as Na. Al. Mn. Ca and Ti (Duchesne. personal
communication) which have a strong influence on the
pressure conditions of the opx = olivine + quartz
equilibrium (Bohlen et al. 1980). The Ca, Na, Al and Ti
are strongly partitioned into opx and extend the stabili-
ty field of this mineral. According to Bohlen et al. (1980),
the magnitude of this extension can unfortunately not
be determined with accuracy as pertinent activity data
are lacking. Using their proposed two-site ionic mod-
el {ay 5.0, = [1-(Na + K + Mn + Ca + 1:2Mg)] [1-
(Ti + AIVI + Cr + Zn + 1.2Mg)]] to estimate the ef-
fect of these ions when calculating the ag, in the opx
gives an ag, = 0.60 for Fsy:En,sWo, as opposed to
ap, = 0.83 employed by Wilmart and Duchesne (1987).
The lower revised ay, decreases the lower limit of pres-
sure a few kbar.

The CO,-rich inclusions observed in quartz of the
upper part of BKSK have been subdivided into three
types by Wilmart et al. (1991): scarce la inclusions of
pure CO.; abundant Ib composed of CO, and contain-
ing graphite; and late Ic with no graphite. In the P-T
plane. the representative isochore of the Ia inclusions
lies well above the regional P-T path and may corre-
spond to a density increase as suggested by the authors
(volume decrease after their formation). On the other
hand. the isochores of the Ib inclusions intersect the P-T
path for pressures lower than 6 kbar. At 800°C, the tem-
perature estimated for the upper part of the intrusion by
Wilmart et al. (1991) using the Lindsley and Andersen
(1983) two-pyroxene model and by Duchesne (1972a)
using Fe-Ti oxides. the Ib isochores give a pressure
range of 4 to 6 kbar which is in very good agreement
with the pressure estimated from phase equilibria of the
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TJ composition and by Jansen et al. (1985). We consider
then that this pressure is relevant for the emplacement
of the Rogaland intrusions and for the contact meta-
morphism (M2 stage of Maijer et al. 1981) and A stage
of Wilmart and Duchesne (1987).

fo, during differentiation of the intrusion

Due to important subsolidus reequilibration of ilmenite
and magnetite compositions (Duchesne 1972a), the T-f,,.
path could not be estimated for the early cumulates.
Nevertheless, using the compositions of isolated grains.
Duchesne (1972a) has estimated the f,,, for two particu-
lar levels of the intrusion. With the calibration of Bud-
dington and Lindsley (1964). he suggested an fo, slightly
above NNO for the upper part of MCU IV using mag-
netite and ilmenite whose compositions were reintegrat-
ed optically and an f,, of FMQ-1 for the quartz manger-
ites belonging to the upper part of the intrusion based
on magnetite compositions. This last estimate has sub-
sequently been confirmed by Wilmart and Duchesne
(1987) and is in agreement with the occurrence of fay-
alitic olivine (Fo,; Duchesne 1972b) in equilibrium with
quartz and magnetite in these rocks. Nitsan (1974) has
calculated the position of the fayalite-quartz-magnetite
assemblage as a function of f, . Tand the fayalite con-
tent of olivine. At T = 800°C (Duchesne 1972a, Wilmart
and Duchesne 1987), Fo, gives log f,. = -16 which is
close to FMQ. )

Comparison between experimentally determined
phase equilibria at different f,, with the order of cumu-
lus arrival in the intrusion allows an independent esti-
mate of the f,,. during the early fractionation. Neverthe-
less, this technique relies on the identification of the
cumulus or postcumulus status of oxides and sometimes
this distinction cannot be made unequivocally (Mc-
Birney 1989). Jensen et al. (1993) have suggested that
both ilmenite and magnetite are cumulus phases in
MCUs I1Ib and IVb (Fig. 2). According to these au-
thors, the two oxides occur as large grains (x 1 mm) of
similar sizes and are quite abundant in the leucotrocto-
lites (modal proportions from Jensen et al. (1993): il-
menite, 5% magnetite, 1%). It is worth noting that the
abundance of ilmenite in MCU IVb is higher than that
observed in the near liquidus experiment at FMQ-1(TJ-
45, see Table 2). Moreover. the high-Al content of mag-
netite (spinel exsolutions: Duchesne 1972a: Jensen. et al.
1993) as well as the high Cr content of both oxides also
gives support to the hypothesis that these oxides are
early cumulus phases. A peculiar feature of MCUs 111
and IV is that magnetite disappears in units ¢ and reap-
pears in units d (Fig. 2) whereas the proportion of il-
menite steadily increases from bottom to top of these
MCUs (Duchesne 1972a). Moreover, the proportion of
magnetite is always lower than that of ilmenite in the
cumulates. At 1 atm and NNO. both oxides are near the
liquidus together with plagioclase. Nevertheless. the
proportion of magnetite is much higher than that of



Table 4 Calculated densities of liquids in experimental charges

Experi- T(°C) d (g/cm3)* d(g/cm3)® d(g/cm3) (3)
ment

1 atm NNO

TJ-37 1190 - 2.59 -
TJ-36 1175 - 2.66 -
TIJ-31 1160 - 2.58 -
TJ-26 1155 - 2.63 -
TJ-38 1133 - 2.57 ~
TJ-29 1118 - 2.59 -
TI1-32 1105 - 2.55 -
TJ-34 1085 - 2.52 -

1 atm FMQ-1

TJ-48 1150 - 2.69 -
TJ-45 1124 - 2.70 -
TI-46 1090 - 2.67 -
Ti-52 1080 - 2.65 -
TIJ-53 1070 - 2.68 -
TJ-55 1065 - 2.63 -
5kb

TIl-17 1170 2.78 2.77 2.76
TJ-43 1150 2.79 2.79 2.78
TJ-40 1135 2.80 279 2.78
TJ)-23 1130 2.81 2.81 2.80
TJ-51 1110 2.80 2.80 2.79
TJ-47 1100 2.80 2.80 2.78
7 kb

TI-1 1170 2.80 2.80 2.79
TJ-41 1155 2.83 2.83 2.82
TJ-9 1145 2.87 2.87 286
TJ-3 1120 2.87 287 285
T)-4 1095 290 2.89 2.86
10 kb

TJ-5 1190 2.84 2.84 283
TJ-18 1165 2.85 2.85 284
TJ-20 1160 287 2.86 285
TIJ-7 1130 2.88 2.88 2.86
TJ-8 1100 2.89 2.88 2.86
13 kb

TI-24 1190 291 291 290
TJ-12 1185 291 2.90 2.89
TJ-11 1162 294 293 292
TJ-10 1160 292 292 2.90
TJ-13 1130 293 293 291
16 kb

TJ-35 1215 296 2.96 2.95
TJ-14 1200 294 294 293
18 kb

TJ-44 1225 297 297 296

2 Fe,0, and H-O not taken into account in density calculations
by Fe,O, in the liquids calculated following Kress and
Carmichael (1991) and using the dp.,, proposed by Toplis et al. (in
press)

© Fe,O, and H,O taken into account, see text for explanation

nificant except at 13 and 16 kbar when H,O is taken
into account.

At 1 atm and FMQ-1, density first increases as pla-
gioclase is the sole liquidus phase and a subsequent den-
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sity drop occurs when ilmenite and olivine join the as-
semblage. A similar T-p path is observed at 5 kbar. At 7
and 10 kbar, there is an overall density increase which is
more rapid at high temperature as plagioclase domi-
nates in the liquidus assemblages (see Table 2).

As already discussed above the H,O content of the
superliquidus glasses is less than 0.15%. Nevertheless,
due to the low molecular weight of H,O, small weight
percents correspond to significant mole fractions of
H,O (Lange and Carmichael 1990). Consequently, we
have calculated the density of the liquids taking into
account an initial value of 0.15% and the build up of
H,O as anhydrous phases precipitate (Fig. 10 and Table
4). Density increases are reduced or even absent (at low
temperature at 10 kbar) and the density drop observed
at 5 kbar is magnified.

At NNO the density curve displays some oscillations
with an overall decrease due to the early crystallization
of magnetite as well as ilmenite and to the higher pro-
portion of oxides than plagioclase. The smali oscilla-
tions are correlated with the FeO content and are likely
to be due to variable proportions of ilmenite and mag-
netite. At high temperature magnetite and ilmenite are
the sole ferromagnesians at the liquidus and variation in
their proportions strongly influence the FeO content
and p. At lower temperature, opx, augite and pigeonite
are also present and lessen the above eflect.

Crystallization of both ilmenite and magnetite to-
gether with plagioclase in the early cumulates followed
by the plag + opx + ilm assemblage is likely to have
produced a decrease in liquid density as suggested by
Nielsen and Wilson (1991), based on fractionation-den-
sity considerations (Sparks and Huppert 1984). More-
over new influxes of jotunitic magma were both hotter
and denser than the resident magma.

The calculated density of TJ has to be compared to
that of plagioclase in order to estimate the buoyancy of
this mineral which is the dominant phase in the primi-
tive cumulates. In 1988, using the expression of Bottinga
and Weill (1970), Duchesne and Hertogen obtained a
density of 2.65 and 2.62 for an H,O content of 0 and
0.5% respectively at T = 1160°C. In this estimation,
they did not take into account compressibility factors
and P,Oj as data on its partial molar volume were lack-
ing (Duchesne, personal communication). They also
used the measured content of Fe,O, (5.00% Fe,O, and
8.37% FeO) in the rock which was probably increased
by subsolidus oxidation. The Fe,O; content has now
been recalculated for FMQ at S kbar and 1150°C using
the regression of Kress and Carmichael (1991). With the
expression of Lange and Carmichael (1990) and includ-
ing the recent data on P,Os (Toplis et al. in press), d
equals 2.77 (0% H,0) and 2.74(0.5% H,0). Considering
the density of plagioclase crystallizing in the early cu-
mulates [T = 1150°C-Ang,, 2.625; T = 1130°C-An,,
2.615 ; (Campbell et al. 1978)], it is unlikely that plagio-
clase could have settled in the BKSK magma chamber.
This in turn points to an in situ crystallization process.
Similar conclusions were already obtained by Bottinga
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ilmenite and low-Ca pyroxene is the first ferromagne-
sian to appear instead of olivine due to the increased
as;,, induced by the early precipitation of oxides. These
two features indicate that fO, was probably lower than
NNO during the early stage of fractionation. At FMQ-
1, a few grains of ilmenite occur together with olivine
(TJ-45) but magnetite is lacking. Consequently, the early
Jo, was probably intermediate between NNO and
FMQ-1 and close to FMQ. The disappearance of mag-
netite in units ¢ of MCUSs I1I and IV which is correlated
with the replacement of olivine by low-Ca pyroxene,
suggests a subsequent decrease in f,, (Snyder et al.
1993). The early crystallization of both oxides in units b
results in an increase in ag;o, which drives the liquid into
the stability field of low-Ca pyroxene. As for the same
Fe # [Fe’*/(Fe’* + Mg)], olivine contains twice as
much Fe?* as low-Ca pyroxene, crystallization of the
latter decreases the Fe,0,/FeO of the liquid thereby de-
creasing the f, . Subsequently, crystallization of both
ilmenite and pyroxene will increase the redox ratio of
the liquid until the stability field of magnetite is encoun-
tered again (Morse 1980; Snyder et al. 1993). Duchesne
(1972a) proposed an f,. of NNO for the upper part of
MCU IV. Nevertheless. according to our experimental
data, this f, estimate is probably too high as the pro-
portion of magnetite is always much higher than that of
ilmenite at NNO (see Table 2) and this is contrary to
what is observed in the cumulates. Consequently exper-
imentally determined phase equilibria indicate that f;,
was first close to FMQ (units b), then decreased relative
to this buffer (units ¢) and increased afterwards until
magnetite reappearance. This f,, path cannot be corre-
lated with the value of FMQ found for the quartz man-
gerites, as the origin of these rocks has not been estab-
lished clearly (see above). Changes in fg, during fraction-
ation have been reported in other layered intrusions and
are different than those inferred for the BKSK magma
chamber. Based on Fe-Ti oxide analyses and the solu-
tion model of Lindsley (1977), Morse (1980) suggested
that in Kiglapait, f,, was close to MW in the lower zone,
increased to an intermediate value between MW and
FMQ at the cumulus arrival of ilmenite and titanomag-
netite and subsequently remained at this value in the
upper zone. Using experimentally determined oxide
phase equilibria, Snyder et al. (1993) have shown that in
the Newark Island layered intrusion the f increased
relative to FMQ before titanomagnetite precipitation
and decreased afterwards. According to these authors, a
similar trend is also relevant for the Skaergaard and
Somerset Dam intrusions and might be typical of
tholeitic magma differentiation.

Density changes during fractionation

Liquid densities have been calculated following the ex-
pression of Bottinga and Weill (1970) and using the par-
tial molar volumes, thermal expansions and compress-
ibilities of oxide components proposed by Lange and

Carmichael (1990). As shown by Toplis et al. (in press),
addition of P,O, to a ferrobasaltic melt reduces the den-
sity. The P,O; content of the liquids present in the ex-
periments ranges from 0.53% to 2.32% and the partial
molar volume of P,O, derived by these last authors
on a ferrobasaltic composition at 1200°C has been used
in our calculations. Results are shown in Fig. 10 and
Table 4.

In the 1 atm experiments, the Fe,O; content is not
negligible and has been calculated using the regression
of Kress and Carmichael (1991) and the dp ,_ of Toplis et
al. (in press). The same technique has been applied to the
high pressure experiments in which f, was estimated
with the composition of ilmenite. As shown on Fig. 10,
taking into account this component in the high pressure
experiments does not change significantly the density
given the large uncertainties associated with the model
of Kress and Carmichael.

Density calculations have an accuracy of about 0.5%
(Sparks and Huppert 1984) . When H,O is taken into
account (see below), accuracy is however less good
(+ 1.0%) due to the considerable uncertainty that still
surrounds the value of the partial molar volume of H,0O
(Lange and Carmichael 1990). The range-of densities
observed in our experiments is 4.9% at NNO, 2.6% at
FMQ-1, 1.4% at 5kbar, 3.5% at 7kbar, 14% at
10 kbar, 1.0% at 13 kbar and 16 kbar (Table 4). The
observed decrease and increase in density are thus sig-
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Fig. 10 Density changes (g/cm”) along fractionation trends in the
one atmosphere and high pressure experiments. Liquid densities
were calculated following Lange and Carmichael (1990) and with
dp,0, from Toplis et al. {in press): (open circles without Fe,O, and
H,0, filled circles with Fe,O, and without H,0, crosses with Fe,0,
and H,O; see text for explanation)
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Proterozoic massif anorthosites are usually associated with vanable
amounts of a characteristic suite of rocks ranging from a melanocratic
Jacies highly enviched in Fe. Ti and P (FIP rocks) to mafic and
granitic wcks (the jotunite charockite suite). Here experimental
and geochemical data on fine-grained (chulled) samples, from several
intrusions of the Rogaland Province are used to decipher their
petrogeneis. Modeling of these data supports the hypothesis that
extensive fractionation of primitive jotunites can. produce quart:
mangerites with REE concentrations in the range of jotunites, strong
depletions in U, Th. Sr and Ti. and smaller to no relatice depletions
i Hf and Jr. Experimental and petrographic data indicate that
the TP rocks wepresent accumulations of a  dense oxide
apalite pigeonite assemblage from coexisting multisaturated jotunitic
to mangeritic liquids. The Rogaland jotunitic charnockitic irend
corresponds to @ mulli-stage process of polvbanc Jractional cys-
tallization and crystal accumulation. The early stage. in which a
primitive jotunitic magma fractionates lo produce an evolved jotunite,
probably teok place several kilometers belowe the intrusion level of
dikes. either in mafic chambers similar to that of the Bjerkrein
Sokndal lavered intruston or in masses of ervstallizing andesine
anorthosite. The later stage of fractionation. which may have
inzolved flowe differentiation, took place within the dikes themselves
and produced compositions renging from evolved jotunite lo mangenite
to quartz mangertte and charnockite.
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INTRODUCTION

Proterozoic massif anorthosites are usually associated
with variable amounts of a characteristic suite of mafic
to granitic rocks. The least evolved rocks of this suite are
enriched in mafic minerals (low- and high-Ca pyroxenes,
Fe Ti oxides. apatite), and in some cases very high
concentrations of these phases give rise 1o melanocratic
rocks. Various names including  ferrodiorite, mon-
zonorite, jotunite, Fe Ti P-rich rocks [ FTP: and oxide
apatite gabbronorite have been used; however, in this
study, we will refer to them by the collective term of

jotunite (hypersthene monzodiorite). Evolved rocks of the

suite include mangerites (hypersthene monzonite), quartz
mangerites and charnockites thypersthene granite). We
will refer to the suite as a whole as the jotunite suite,
The origin of jotunites remains the subject of con-
siderable debate, despite their similar textural and geo-
chemical characteristics from one anorthosite complex
10 another. Several hypotheses, not mutually exclusive,
have been proposed: (1) jotunites are residual liquids
after anorthosite crystallization {Ashwal, 1982; Morse,
1982: Wicbe, 1990 Emslie e al. 1994): (2) they are
the parental magmas of the andesine anorthosite suite
(Duchesne ef al., 1974 Duchesne & Demaifte, 1978;
Demaiffe & Hertogen, 1981): (3) they are products of
partial melting of the lower crust (Duchesne ef al., 1985,
1989: Duchesne, 1990); (4) they are transitional rocks n
a comagmatic scquence from anorthosite to mangerite
(Wilmart ef af., 1989; Owens ef al., 1993 Duchesne &
Wilmart. 1997} (3) they are derived by fractionation of
mafic magmas unrelated to the anorthositic suite {Fmslie,
1985): (6F they are immiscible liquids conjugate to

@ Oxtord Universie: Press 1998
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mangerites {Philpotts, 1981} In this paper, we present
new experimental data on two jotunite samples from the
same dike (the Varberg dike) in the Rogaland anorthositic
complex as well as new geochemical data (major and
trace clements) on fine-grained (chilled) jotunitic rocks
from other intrusions in the Rogaland Province. We then
use these data as well as published experimental and
geochemical data from the literature to: (1) define a liquid
line of descent extending [rom jotunite up to quartz
mangerite (or acidic rocks); (2) discuss the possible origins
of rocks showing extreme concentrations of FeQ, 110,
and P,O.; and (3) develop maodels of major and trace
clement [REE (rare carth elements), Sr, U, 'Th, Zr, Hf,
Ta, Rb, Co, Ni, Cr, Sc} [ractionation within the suite.

GEOLOGICAL SETTING AND
PETROGRAPHY

The Rogaland intrusive complex of southern Norway
(Fig. 1) Nichot, 1960; Michot & Michot. 1969} ts one
of the group of Proterozoic anorthositic provinces that
have been recognized world-wide (Ashwal, 1993). Massif-
type anorthosites (Egersund Ogna; Haland Helleren:
Ana Sira), leuconoritic bodies (Hidra, Garsaknatt) and
a large layered intrusion (Bjerkreim Sokndal: BKSK)
occupy most of the surface exposure. Jotunitic rocks
mainly occur in a system of dikes and small mtrusions
(Duchesne ef al., 1985, 1989). There are also several
I'c T ore bodies within the complex (Krause & Pedall,
1980; Duchesne, 1998). New U Ph ages obtained from
zircon and baddeleyite (Schirer ef al., 1996} suggest that
cmplacement of this complex occurred within <10 my
(between 930 and 920 Ma).

The Rogaland jotunitic suite was first described by
Michot {1960} and then extensively studied by Duchesne,
Demaiffe and coworkers in several papers reviewed by
Duchesne (1990). The characteristics of jotunites will
only be briefly summarized here. Jotunites are typically
medium grained {from 01 mm to a few millimeters in
size) and contain plagioclase (usually antiperthitic), some
perthitic K-feldspar, potkiline inverted pigeonite, augite,
Fe-'Fi oxides, and apatite; these minerals plus meso-
perthitic K-feldspar and quartz are characteristic of the
evolved factes (Duchesne, 1990). Jotunitic rocks occur
mostly as dikes crosscutting massif-type anorthosites but
those that have been dated have similar absolute ages in
the range of 920-930 Ma (Schirer ef al., 1996). Among
them. the Tellnes dike in the Ana Sira massif as well as
the Varberg and Lomland dikes in the Egersund Ogna
massi{’ (Fig. I} have been studied in the most detail
[Duchesne et al.. 1983; Wilmart ¢f al., 1989). The Tellnes
dike, to which we will frequently refer in this study, varies
continuously from jotunitic to charnockitic lithologies. Tt
has o well-detined Rb Sy whole-rock isochron and 1ts

compositional variation can be explained by a process
of fractional crystallizaton without progressive con-
tamination (Wilmart ef al., 19891, However, whole-rock
Rb Sr isotopic data from other dikes such as Lomland
do not fit tghtly to 1sochrons and there is considerable
variation in A, from dike o dike {0-704 0-710) that
doed not correlate with other geochemical parameters
(Demaifle et al., 1986; Duchesne ef al., 1989 which
taken together suggest variable contamination of multiple
sources. Jotunites also form small intrusions {e.g. Fia-
Rekefjord: Fig. 1) as well as chilled margins o the
Hidra and Garsaknatt leuconoritic bodies (Demaiffe &
Hertogen, 1981) and, locally, 1o the Bjerkreim Sokndal
layered intrusion (Duchesne & Hertogen, 1988; Wilson
et al., 1996). Experiments on a sample from one of these
chilled margins, the Tjorn facies [sample 80123a of
Duchesne & Hertogen {1988)]. have shown the near-
liquidus assemblages 10 be plagioclase {(An) + olivine
[Fo,;jat 5 kbarand plagioclase {An ;) 4 low-Ca pyroxene
{Eng) at 7 kbar (Vander Auwera & Longhi, 1994}, The
compositions of most of the Rogaland jotunitic suite form
coherent trends in vanation diagrams (Fig. 2), but the
least differentiated compositions (high Mg, low K.Oj
arc chilled margin samples and form a group distinct
from the rest of the dike system. In the following, we
will refer to the distinetive group of chilled margin samples
as primitive Jotunites and to the least differentated
samples of the dike rend as evolved jotunites. In this
latter group, most samples are chilled margins to the
dikes (75202F, 8926, 89115, 7353).

In this study, we wok special care to select samples
from different occurrences which probably represent
liquid compositions [very fine-grained texwure (<250 pm),
non-porphyritic facies, clongated apatite and oxide grains
randomly dispersed in the other minerals, ete.] and their
exact locations are given in Table 1. Three of these
samples (80123a, 91141 and 7234 Table 1) from the
chilled margin of BKSK and Hidra are primitive jotu-
nites. The remainder of the samples are from the dikes
and have compositions ranging from cvolved jotunite to
quartz mangerite. Although the Varberg dike (Fig. 1)
displays the typical mineralogy of jotunites {see above),
it contains a chilled margin (Table 1: sample 75202F),
which has been observed at several places along its
contact, as well as a locally developed, Fe 11 P-rich
melanocratic facies sample 75372: Ti0, 6-23%; FeO,
27-43%: P,O- +:20%) in the mterior, where mafic min-
cerals (inverted pigeonite, augite, lmenite, magnetite, ap-
atite) make up ~75% of the rock, and plagioclase and
perthitic K-feldspar make up the remaining 25%. Mineral
phases tfrom samples taken along strike of the dike have
been analyzed with the electron microprobe 1o test for
geographical vanations my mineral compositions.
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Fig. 1. Schematic geological map of the
HIH. Haland Helleren: AS. Ana Sira:
10 samples deseribed in Table 1.

SAMPLE PREPARATION,
EXPERIMENTAL AND ANALYTICAL
METHODS

Lxperiments were carried out on two powdered rocks of

the Varberg dike at Lamont Doherty either in a standard
1/2 inch piston cylinder apparatus or in a Deltech vertical
quenching furnace, following the methods described by
Fram & Longhi (1992} and Vander Auwera & Longhi
119941, One sample was from the chill margin (sample
75202F; VBY; the other was from the melanocratic facies
isample 75372; MEL). High-pressure experiments were
run in graphite capsules at 3 kbar (runs VB-1 to VB-5.
VB-13 and VB-14 on sample VB, and runs MEL-T to
MEL-3 on sample MEL)L the likely pressure of em-
placement of the Rogaland intrusive complex | Jansen et
al. 1985 Vander Auwera & Longhi, 1994, Dry run
conditions are consistent with the relatively fow fTH.0;

- Rogaland anorthositic complex [afier Michot & Michot: 1969 and Bolle 119961, EGOG, Egersund Ogna:
H. Hidra: G. Garsaknatt; ER. Eia Rekefjord: BRSK. Bierkreim Sokndal. Ap. Apophysis. Numbers relet

that is a general feature of massif anorthosites and related
rocks fsee, c.g. Morse, 1982). However, the graphite
capsules imposed a relatively low oxygen fugacity in these
FAMQ

4 Vander Auwera

experiments,  probably  between
2 and FMQ

& Longhi, 1994), which inhibits magnetite stability. To

{favalite
magnetite quartzj

aproximate the f(O,) of the jotunites and to determine
the effects of magnetite, which is a late-stage mineral in
the primitive jotunites, on the liquid line of descent. we
also performed a few 1 atm melting experiments n a
controlled CO CO, atmosphere. These were carried out
at two different f{O,) values: NNO mickel mickel oxide:
runs VB-16 and VB-17) and FMQ irun VB-61: f10,] was
measured with a Ca-doped ZrQ, electrolyte cell. Good
agreement was found between /1O, determined directly
and /(0. caleulated by applying the Andersen & Lindsley
11988, model to the compositions of coexisting ilmenite
and spincl produced i the experiments. To minimize
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Fig. 2. Major clement variation diagrams of the jotunitic suite. Data [rom finc-grained samples (chills), from the Tellnes dike (Wilmart, 1988;
Wilmart ¢ al.. 1989] and from other localities [Grenville Provinee, Quebec: Owens of al. 119931 Laramie: Kolker & Lindsley (1989%; Mitchell o
al. (1996} Nawn: Wiche (19791 Emshie ¢ al. (19941} are shown for comparison. P corresponds wo the average of four samples from the Puntervoll
facies (FIP rockst of the Lomland dike (Duchesne o al., 1985).
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Table 1: Sample description, location and factes of jotuniles

intrusion

Sample UTM grid: zone 32 VLK
89115/ch (1)* 305-859
78211/ch (2) 407-825
8925, 8926/ch (3) 315-812
8951/ch (4) 534-615
7355/ch (6} 399-727

91141/ch (6}, B0123a/ch (7}t 273-992; 354-983
75182, 7519, 75202F/ch, 75202G,
75204, 75206, 75372, 78201,
7912(8)

7838/ch, 8034/ch (9}
T2/ch,T221/ch,782/ch, 7832, 7828,
7252 (10)*

66175, 7536, 7533, 75634 (1)

550-624; 554-627

477-697

7234/ch (12)8 589-602

249-883; 249-875; 244-825; 244-825; 244-825;
244-825; 244-838; 251-797; 243-841

514-657; 455-701; 517-653; 523-627; 472-698;

263-803; 267-815; 275-827,; 273-823

Kjervall dike crosscutting the Egersund-Ogna
anorthosite

Eiavatn dike crosscutting the Eia-Rekefjord
intrusion

dike on top of the Koldal small intrusion: 8925 is
from the central part of the dike, and 8926 from
the contact

satellite to the Tellnes dike crosscutting the
Ana-Sira anorthosite

Eia-Rekefjord intrusion

fine-grained margin of the Bjerkreim-Sokndal
intrusion

Varberg dike crosscutting the Egersund-Ogna

anorthasite

Fidsel dike crosscutting the Apophysis

Tellnes dike crosscutting the Ana-Sira
anorthosite

Puntervold facies {melanorites) of the Lomland
dike

fine-grained margin of the Hidra leuconoritic
body

*Numbers in parentheses correspond to the localities shown in Fig. 1; /ch indicates that the sample corresponds to a chill.
+Duchesne & Hertogen (1988). $Wilmart (1988). 8Duchesne et al. (1974).

iron loss in highly crystalline runs, powdered samples
were pressed into disks of 6 mm diameter (bonded with
polyvinyl alcohol) and loosely wrapped in Ptwire of 0-254
mm diameter. Run conditions and phase assemblages are
given in Table 2.

Analytical method

After cach experiment, the charges were mounted 1n
epoxy, polished and analyzed at Lamont Doherty under
the Camebax/Micro clectron microprobe equipped with
a wavelength dispersive system. Accelerating voltage was
set at 13 kV and all elements were measured for 20 s at
a beam current of 25 nA, except in the case of feldspars,
phosphates, and glasses, where Na and K were measured
first for 30 s at 5 nA. Rims of minerals were analyzed

with a point beam and glasses with a defocused beam of

5 pm to minimize alkali loss. X-ray intensities were
reduced using the Cameca PAP correction program. A
combination of mineral and glass standards were used
for glass analvses whereas only mineral standards were
used for plagioclase, oxides, pyroxenes. and olivines.

Major element compositions of the experimental phases
are reported in Table 3. Rims and cores of feldspars and
pyroxenes occurring in the different facies of the Varberg
dike have been analyzed with the Cameca SX50 of the
CAMST Centre d’Analvse par Microsonde pour les
Sciences de la Terre’, Louvain-La-Neuve, Belgium: J.
Wautier analyst). Standards included natural minerals
and synthetic compounds. Accelerating voltage was set
at 15 kV and beam current was 20 nA with 10 s counting
times. X-ray intensities were reduced using the Cameca
PAP correction program. Results are given in ‘Table 4.

Mass balance between the bulk composition of the
starting material and the compositions of all phases
present in cach run has been calculated using a least-
squares multiple regression to determine phase pro-
portions and to test if Fe and Na loss occurred in the 1
atm experiments. Results are given in Table 2. Na loss
ranges from 4% up to 14% whereas Fe displays a small
gain in VB-16 (6% and a significant one in VB-17 (25%).
The latter experiment did not equilibrate pervasively, as
the temperature was near the solidus and the charge
melted only locally. In run VB-14, the orthopyroxene
{opx) coeficient had a negative sign. The opx coethicient
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Table 2: Experimental conditions and products

Experiment T(°C) P t{h} f(O,) Products

VB-1 1150 5 kbar 25 gl

vB-2 1120 5 kbar 26 glg. ple

VB-3 1100 5 kbar 36 Gles Pla

VB-4 1080 5 kbar 47 glg; ply; Olg,ilys @pe,y

VB-14 1078 5 kbar 66 algt plao Pige il; @Pp.o0PX o
VB-13 1074 5 kbar 114 gl pt ot il ap pig

VB-5 1060 5 kbar 71 gl pl pig aug il ksp gtz

VB-6 1050 1 bar 125 FMQ gleo plao 0l il; uvsp, phosph
VB-16 1065 1 bar 46 NNO gl plye pig. aug, uvsp,; phosp,
VB-17 1060 1 bar 89 NNO glse plis pigs augs uvsp,s phosps
MEL-1 1130 5 kbar 23 gl

MEL-2 1110 5 kbar 18 glgg il

MEL-3 1090 5 kbar 25 glge il 0l ap,

The numbers following the phase abbreviations are the weight proportions of the relevant phases present in the experiments,

calculated using a weighted least-squares minimization.

was then changed to zero and its components were
included in the other phases. This results in an increased
proportion of the remaining phases.

The fine-grained samples of jotunites were analyvzed
for major elements and some trace elements by X-ray
fluorescence on a CGR Lambda 2020 Spectrometer at
the University of Liege (analyst G, Bologne) (Bologne &
Duchesne, 1991). The other trace elements were analyzed
cither on a VG clemental PQ2 Plus inductively coupled
plasma-mass spectrometer at the University of Liége
{Vander Auwera ¢f al., 1998} or by neutron activation at
the Pierre Stie Laboratory ({CEA, Saclay, France; analyst
J. L. Joron). Major and trace element data are presented
in ‘T'able 3.

EXPERIMENTAL AND ANALYTICAL
RESULTS

Mineral compositions
The compositions of plagioclase and pyroxenes from the
Varberg dike (Fig. 3) have a limited range and are similar
to those observed in jotunites from the Tellnes dike
(Wilmart, 1988). In the chill margin plagioclase is not
significantly zoned, with cores of Anyy and mantles with
an average of Any,. Augiie, whether as lamellac or
primary crystals, has an intermediate mg-number (0-49).
The low-Ca pyroxene (Ipyx)jis orthopyroxene {(Wo, ,Ens,;)
mverted from pigeonite (Fig. 3, Table 4). In the sample
of the melanocratic facies (MEL), the pyroxenes are
similar to those elsewhere n the dike, but alkali feldspar
(Ang, Ory,) with  plagioclase

in  present together

{AnpAbOr). There seems to be a correlation between
plagioclase composition and bulk composition, as plagio-
clase displaying the lowest anorthite content (Any, in
sample 75206; Table 4 is associated with the bulk
composition showing the lowest MgO (2-79%) and high-
est 510, (49-29%) content observed in the samples from
the Varberg dike (Table 5; analysis of sample 75204 is
given instead of that of sample 75206}, This observation
1s supported by petrographic data from the Tellnes dike,
in which there is a systematic change in the [leldspar
composition associated with bulk composition: jotunites
are characterized by antiperthitic plagioclase and lesser
K-feldspar (microperthite), mangerites contain more K-
feldspar and mesoperthite-rimmed plagioclase, whereas
quartz mangerites display mesoperthite (Wilmart ef al.,
1989).

Experimental results

At 5 kbar and 1120°C plagioclase (An,) is the sole
liquidus phase of VB, the chill margin sample. Olivine
{Fos,), ilmenite, and apatite appear approximately to-
gether at 1080°C in run VB-4. The SiO, and P,O,
concentrations in the 1080°C liquid are 46-0% and
2:74%, respectively (Table 3); these values are consistent
with the apatite-saturation model of Harrison & Watson
(1984). In run VB-14 at 1078°C there is a drastic increase
in crystallinity and olivine is replaced by pigeonite and
orthopyroxene. At a slightly lower temperature (1074°C,
VB-13) olivine reappears as a stable phase. Only the top
half of the VB-13 charge shows signs of glass and textural
equilibration. Thus the solidus probably hes within the
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fy and pyroxene compositions (b [En iMgSiO. Fs (FeSi0

Di (CaMgSi,0,) Hd 1CaleSi 0,

quadrilateral] in the Varberg dike {Table 4 as well as in liquidus and near-liquidus experiments (V' B runs} {Table 31 \umb(xs n the pyroxene

quadrilateral are run numbers.

charge. The few arcas of glass are chemically hetero-
geneous (Table 3), and thus represent local surface cqui-
librium. Mass balance calculations show that there is a
precipitous drop in percent liquid between 1080°C (829%)
and 1078°C (61%), so encountering the solidus a few
degrees lower is not surprising; however, in VB-5 at
1060°C, which should have been below the solidus, a
small amount of glass with 67-6% SiQ, was observed
adjacent 1o K-feldspar. An explanation of these phe-
nomena can be deduced from Fig. 4, in which hiquidus
phase diagrams are¢ drawn from experimental phase
compositions. In a plagioclase ilmenite apatite pro-
jection (Fig. 4a), the compositions of liquid, pigeonite,
and olivine (plus plagioclase, ilmenite, and apatite) in
VB-14 are nearly coplanar, implying a thermal divide
on the olivine pigeonite ( + plagioclase, ilmenite, and
apatite) liquidus boundary, which in turn promotes ex-
tensive crystallization in a narrow temperature interval.
Moreover, both the plagioclase ilmenite--apatite pro-
jection (Fig. 4a) and the wollastonite-ilmenite apatite
projection (Fig. 4b} indicate that the VB-14 liquid com-
position is also close to a second thermal divide pla-
gioclase -pigeonite  ( + augite, apatite, and ilmenite)
and a ceutectic  olivine + plagioclase + pigeonite
{ + augite + apatite + ilmenite). This latter thermal dx-
\1de restricts SiO, enrichment at 5 kbar and low f{O

and prevents olivine-saturated liquids from ever r(’a(‘hing‘
quartz saturation. Had magnetite been stable or the
pressure lower, it is likely that the cutectic would become
a peritectic (olivine in reaction} and that liquids would
be able to breach the augite pigeonite thermal divide.
Given the absence of magnetite in the various runs and

the array of phase relations in Fig. 4, we believe that the
high-5i0, glass in VB-5 is primarily the result of local
equilibrium in the experimental charge where more mafic
domains having a higher solidus temperature remained
entirely crystalline, whereas more felsic domains having
a lower solidus temperature yielded a small amount of
high-810, meli. Therefore, as with VB-13, even though
run VB-5 did not achieve bulk equilibrium, the liquid is
probably multiply saturated nonetheless, so we have used
the VB-3 glass composition to approximate the multiple
saturation surface of charnackitic (high-SiO,) liquids. A
second curious point is the apparent absence of olivine
in VB-14, despite the fact that olivine is present in
runs immediately above (VB-4) and below (VB-13) this
temperature.  Given that the composition of the
olivine + plagioclase + pigeonite ( + augite, apatite,
and ilmenite) pseudo-invariant point lies close to a line
from the PI componem through the VB composition, it
is likely that a small difference in pressure between the
two runs produced a different crystallization sequence:
lower pressure in VB-4 (ol, no pyx) shifted the pseudo-
invariant point away from the Ol component and sta-
bilized olivine; whereas higher pressure in VB-14 shifted
the pseudo-invariant point toward the Ol component
and stabilized low-Ca pyroxene. Accordingly,
should be stable at the same pressure as, but at a lower
temperature than VB-14, which is what is observed in
VB-13.

At 1 atm and the NNO buffer, pigeonite, augite,
plagioclase, and phosphate are stable together near the
solidus with the only Fe- Ti oxide heing titanomagnetite
{actually ferni-ulvospinel: uvspyamgty, in VB-16), whereas

olivine
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Fig. 4. Projections according to Longhi 1991} on the silica-olivine wollastonite plane from plagioclase, ilmenite and apatite and on the
silica - olivine plagioclase plane from wollastonite, ilmenite and apatite. In {a} and ibi, 5 kbar experiments are shown: m (¢} and {di. 1 bar
experiments. In all diagrams except tai. the small black dots correspond to the fine-grained samples and the large stippled points 1o starting
compositions VB and MEL)L Low-Ca pyroxene {lpyxi compaosition | x i are from VB-13 and VB-14 in i@ and (bt and from VB-16 and VB-17
et and i In il and b, VB=+ and VB-14 glasses i@ were used 1o position the ol + plag + Ipyx boundary and the V'B-5 glass provides
some constraint on the sil + Ipyx + plag i + aug! poine. In i and id;. the al + plag + Ipyx boundary has been constrained with the VBt (@}
and VB-16 @ glasses whereas the VB-17 glass fixes the plag + lpyx + aug boundary.

at the FMQ buffer, both ilmenite and ferri-ulvospinel — but not in the 1 atm experiments, suggesting that the
{uvspemgty, in VB-6) precipitate (Table 2). We presume phosphate is probably fluoreapatite in the former and
that olivine would be stable at higher temperatures at  whitlockite in the latter. The liquidus boundaries drawn
NNO. as it is at FMQ. Phosphate analyses (Table 3) on the basis of the 1 atm experiments are shown in Fig.
indicate that fluorine is present in the 5 kbar experiments -+ and d. They indicate that under moderately oxidizing
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low-pressure conditions the thermal divide involving
augite + low-Ca pyroxene + plagioclase is not stable
and that olivine 1s in reaction with liquid when low-Ca
pyroxene is stable. Thus olivine, which is the first mafic
phase to crystallize in the jotunite compositions at low
pressure, will be replaced by low-Ca pyroxene and pla-
gioclase (Fig. 4d) at a peritectic reaction, and further
fractional crystallization will drive the hgud toward silica
saturation, and produce $10), enrichment. The liquidus
topology is consistent with petrological variations ob-
served i the Tellnes orebody and its associated dike
(Wilmart ¢ al., 1989) where olivine-bearing ilmenite
norite contains the minerals with the most primitve
compositions, and other lithologies are olivine free and
grade continuously from jotunite to mangerite to quartz
mangerite,

Titanomagnetite is present together with ilmenite in
the matrix of the Varberg dike: however, hoth oxides
have been exsolved and subjected to strong subsolidus
recquilibraton (Duchesne, 1972a), so their compositions
provide no constraint on redox conditions m the dike.
Accordingly, we have estimated redox conditions in the
dike on the basts of experimental Fe 'Ti oxide as-
semblages. At 1 atm and the FMQ buffer, two Fe 'Ti
oxides are stable, ilmy hem | and uvspgamgt,y, whereas at
I atm and the NNO butfter, only spinel precipitates
(uvspyemgt i VB-16; uvspamgts, in VB-17) Also, pre-
vious work on a prinutive jotunite has shown that FNIQ)

I marks the low-f{0),) stability himit for spinel in these
compositions (Vander Auwera & Longhi, 1994). Thus,
inasmuch as both spinel {magnetite} and ilmenite are
present i the dike, the f{O,) was probably close to the
FMQ bufler during crystallization.

Natural and experimental pyroxene compositions have
been plotted ina ALO, vs CaO diagram (Fig. 5) in an
attempt to glean some information about the pressure of
crystallization of the dike. The situation s complicated
by inversion and exsolution i the pyroxene; however,
the primary pyroxene compositions are constrained to
lic on mixing lines between host and lamellac. Both the
I atm and 5 kbar data fall above {higher ALO.J) the
muxing lines of the natural pyroxenes in Fig. 5, indicating
no simple relationship. Comparison of pyroxene com-
positions in the two 5 kbar runs suggests that the lower
ALO; content observed n the natural pyroxenes may
result from continued equilibration to the solidus and into
the subsolidus. Exven so, there is no way to discriminate
between | atm and 5 kbar on the basts of ALO; con-
centrations. However, the experimental data suggest that
Ca0 decreases systematically with increasing pressure.
Consequently, we have calculated the CaO concentration
of the primary pigeonite from the compositions of or-
thopyroxenes and exsolved wugttes in samples 78201
and 75202G (Table 4) and the modal proportions of

VOLUNLE 39 l NUMBER 3 ‘ MARCH Tang

orthopyroxene hosts and augite exsolutions {optical de-
termination). The range of calculated compositions of
natural pyroxenes (4:8 -3-9 wt % CaQ? is slightly higher
than the value calculated by Duchesne (19726 for in-
verted pigeonites {from BKSK (37 4+7% CaO). The
values indicate a pressure of emplacement between |1
atm and 5 kbar {Fig. 5, the latter pressure being consistent
with estimates for the erystallization of the Bjerkreim
Sokndal mtrusion {(Vander Auwera & Longhi, 1994

Because the chill margin composition (VB) projects
well into the plagioclase field in Fig. 4b and d, it is clear
that the chill margin is not itself a quenched liquid at
pressures of 3 kbar or less. In the 3 kbar near-liquidus
run, VB-2, plagioclase has the composition Any,, whereas
the most anorthitic plagioclase in the chill margin sample
15 only Any,. So the chill margin is not even a simple
quenched liquid. In Fig. 4b (5 kbar} the chill margin lies
nearly on a line between the plagioclase component and
the pseudo-invariant point. These relations, together with
the abrupt simultancous appearance of olivine, ilmenite,
and apatite in the erystallization sequence, are consistent
with the chilled margin being a multi-saturated liquid,
like VB-+ or -14, enriched with 15 30% plagioclase by
weight. It should be noted that plagioclase in run VB-
14 has an average composition of Any,, which is close 1o
that observed i the dike, and which supports a muli-
saturated hiquid composition similar to that of VB-14
Alternatively, #f the jotunite magma was derived by
fractionation at a higher pressure where multi-saturated
liquids sustain higher plagioclase components (Vander
Auwera & Longhi, 1994), some portion of the apparent
excess plagioclase component would be due to de-
compression, and the actual liquid compositon would
be displaced toward the PI component. hut not as far as
the chill margin composition (Vander Auwera & Longhi.
1994). So, despite the fine grain size of the chill margin
and the absence of phenocrysts, the material flowing
along the margins of the dikes contained some plagioclase
crystals i suspension. The more evolved compositions
of the fine-grained samples with higher Qtz components
do fall close to the plagioclase + pyroxene cotectics in
Fig. 4b and d, so it is hikely that the more evolved fine-
grained samples within the dikes closely approximate
liquid compositions.

Whole-rock analyses

The fine-grained samples from the Varberg dike and
various other dikes display high total Fe as FeO), (965
16:03%), 110, (1:27% up 1o 4:62%), K,O (0-96% up 10
+24%), and P,O, (0-71% up to 2:59%) concentrations
together with a modest range in 510, (46:45% up 1o
60-41%) (Table 5, Iig. 23, In vanation diagrams (Fig. 2),
the primitive jotunites form a group distinet from the
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Fig. 5. ALO, and CaO coments of natwral and experimentally obtained pyroxenes. For the experimental compositions. boxes correspond to 1
SD. The caleulated compositions of natural pyroxenes correspond to their compositions betore exsolution isee text for explanations.

jotunites of the dike system, which define trends of

decreasing FeO,, TiO,. PO, and CaO, and increasing
Si0, and K.O, with decreasing MgO. Samples of jotu-
nites from other localities have been included in Fig. 2
for comparison. Among them, two [sample 738: Owens
et al. {1993); sample EC90-216: Fmslie ef al. (1994] are
very similar to the primitive jotunites of Rogaland
whereas the others fall near or on the trend of the dike
system. Nevertheless, a group of samples from Nain
(Wiche, 1979) and Grenville (Owens o al.. 19931 define
a trend higher in CaO/MgO and lower in K,O/MgO
than samples from the other localities. This probably
results mainly from different fractionation paths from
locality to locality (see discussion) and from accumulation
ol plagioclase + mafics. This latter process can also ex-
plain the dispersion observed in samples from the Laramie
complex (Mitchell ¢f al., 1996} especially in the FeO,/
MgO, Ti0./MgO and P,O;/MgO diagrams.

La concentrations in the fine-grained samples and
other representative samples range from 15 ppm o 80
ppm (Table 3). The evolved jotunites, mangerites and
quartz mangerites {Fig. 6) are higher in total REE content
than the primitive jotunites, except the quartz mangerite
7832 which is in the range of primitive jotunites. The
fine-grained samples display similar light REE {(LREE}
enrichment [average {(La/Ybj = 9] except for one
sample [91141: (La/Yb)x = 4]. Eu anomalies are cither
weak slightly  negative or  slightly  positive  (e.g.
91141 or absent.

In a multielement diagram (Fig. 7), the primitive jotu-
nites display variable concentrations of several trace
clements, especially for Th, Rb, and REF (see also U in
Table 31 whereas their major element concentrations

are rather constant except for K. Duchesne ef al. (1989
previously pointed out this feature and attributed it to
the variability of the source of jotunites. Apart from the
enormous variation in ‘Th, the primitive jotunites have
velatively featureless patterns incontrast to the highly
fractionated patterns of the evolved jotunites, mangerites
and quartz mangerites. Primitive jotunites show small
depletions of Ta (not Nbj and Hf {but not Zr n all cases)
relative to the adjacent REE. whereas Ti shows a small
excess as does PoAlso. Sromay show asmall depletion
(801234, 7234 in Fig. 7). where Eu shows no depletion
(Fig. 6). or Sr may show no depletion (91141) where Eu
shows a small excess. However, all the evolved jotunites.
mangerites and quartz mangerites show prominent de-
pletions in Sr relative 1o Ce and Nd, vet Ku anomalies
remain small and may even he positive i the quartz
mangerites. The Sr depletions indicate extensive crys-
tallization of plagioclase despite the evidence for pla-
gioclase accumulation in some samples. The unexpected
behavior of Eu is discussed below. Interestingly, P, which
shows small relative excesses in the primitive jotunites,
shows larger excesses in the evolved jotunites and then
little or no excess or depletion in the mangerites, and
finally prominent depletions in the quartz mangerites.
This pattern signals the onset of apatite erystallization as
the magma changes from jotunitic to mangeritic. Relative
depletions of Nb Ta become more pronounced, and
pronounced relative depletions of Ti develop with differ-
entiation, whereas relative depletions of Hf and Zir dimm-
ish in the mangerites and even become slight enrichments
in the quartz mangerites. which are consistent with Ti-
oxide crvstallization, but not zircon. Th shows huge
depletions relative to the LREE i all ol the evolved
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Fig. 6. REE patterns of the jotunitic suite [7234 (Duchesne et al., 1974);

80123a (Duchesne & Hertogen, 1988); 7252, 7828, T82, 7832 (Wilmart

¢t al., 1989)]. REE abundances normalized to C1 chondrite of Sun & McDonough (1989}

jotunites despite its variability in the primitive jotunites,
suggesting that the Th-REFE relation is a characteristic
of the parental magma, and of the three primitive jotunites
only 80123a could be parental to the evolved jotunites.
Primitive jotunites also show considerable range in K,O
with limited variation in MgO (Figs 2 and 8). These
features suggest variable contamination of the large in-
trusions by country rock gneisses during emplacement
{Hoover, 1989; Wilson ¢t @/, 1996). For all the samples
the K/Rb ratio varies from 376 1o 1535 and Zr/Hf from
40 10 38. These trace clements compositions are in the
range of those previously reported by Duchesne (1990)
for the jowunitic suite of the Rogaland Province and are
similar to those reported in other anorthositic complexes
le.g. Grenville Province: Emslie ef ol (1994); Laramie
Complex: Kolker et al. (1990): Mitchell er al. (1996}

A LIQUID LINE OF DESCENT OF THE
JOTUNITE SUITE AND ORIGIN OF
ROCKS WITH EXTREME Fe-Ti-P
CONTENT

Liquid line of descent (LLD)

A series of samples presented in this study display petro-
graphic features typical of chilled rocks that suggest they
are close to liquid compositions and thus constrain a
liquid line of descent of the jotunitic suite under dry
conditions. Nevertheless, projection of the fine-grained
samples in the O PI-Qtz diagram (Fig. 4) seems to
indicate that some of them are enriched in plagioclase.
We have already mentioned that the fine-grained samples
define in variation diagrams (Fig. 2) two clusters of

N
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points, one with a narrow range of intermediate MgQ),
corresponding to the primitive jotunites (chilled margins
of large intrusions), and the other, offset from the first.
forming linear trends ranging from cvolved jotunites
to quartz mangerites, in which FeO,. Ti0,, and CaO
decrease, whereas KO and SiQ), increase, versus de-
creasing MgQO. These trends are repeated by samples
from other dikes in the Rogaland system. The com-
positions of samples from the Tellnes dike, for example.
overlap those from the Varberg dike and extend the
trend to higher SiQ), {charnockite). Thus in Rogaland
there is an apparent discontinuity between primitive
jotunite and evolved jotunite, but continuous chemical
variation from evolved jotunite, through quartz man-
gerite, to charnockite.

The experimental data obtained on the two Varberg
dike samples plus previous data on the Tjorn jotunite
(Vander Auwera & Longhi, 1994}, which belongs to the
group of primitive jotunites, bring additional constraints
on the LLD. However. some care must be taken because
the compositions ol the experimental liquids vary by
cquilibrium erystallization, whereas the jotunite LLD
more probably results from a partially fractional crys-
tallization process, and also because the pressure redox
conditions of the experiments do not match those of the
dikes. Delayed cerystallizaton of ilmenite, the absence of
magnetite near the solidus, and decreased mgnumber of
ferromagnesian phases all are effects of the low Fe'”/

Fe’™ ratio imposed by the graphite capsules; and cven
though the 1 atm experiments have been run at the
appropriate f{O.), the lower pressure increases the pro-
portion of plagioclase and olivine crystallization relative
to pyroxene. These difficulties turn out 1o be relatively
minor if one compares a combination of the 1 atm and
high-pressure (5 and 7 kbar} data with the variation
pattern of the dikes, as illustrated in Fig. 8. where the
shaded arcas correspond to the compositional ranges of
the Rogaland jotunites shown mn Fig. 2.

The most important feature is that the FMQ VB point
{run VB-6) lies on or very near the dike trend in all of
the panels {Fig. 8). The track of NNO VB is parallel to
the dike trend, but is offset from the dikes in the direction
of higher $i0, and lower FeO, and TiO.. because of the
ervstallization of too high a proportion of Fe Ti-oxides.
The track of 5 kbar VB follows a path of much higher
FeQ, and lower SiQ; than the dikes. as the reducing
conditions imposed by the graphite capsules delay the
crystallization of Fe "Il oxides, which in turn induces an
excessive ferrous iron content i the liquid. It thus seems
likely that erystallization of a liquid with VB-like com-
position at modest pressures and with f1O,) close to FMQ
would produce a track very close to the dike trend, and
that following eventual ervstallization of titanomagnetite
the track would extend to high 810, {charnockitic} con-
centrations,




JOURNAL OF PETROLOGY ' VOLEMI 3o \ NUMBER 3 VARG s

30

25

20}

15

10}

60t

407

30

@ 5kb MEL
® NNO VB

Fig. 8. Comparison of experimental data {(wt % oxidesi on VB {75202F1 MEL (753725, and 1] {Vander Auwera & Longhi. 1994] with the
Rogaland jotunitic trend from Fig. 2 ishaded areasi.

456



Comparison of the data on a primitive jotunite ('1])
from a previous study (Vander Auwera & Longhi, 1994)
with data on the evolved jotunite (VB) from the present
study provides further constraints on their possible re-
lationship. In all sets of experiments on ‘L], 'Ti0, and
FeQ, increase with decreasing temperature until ilmenite
becomes a liquidus phase. While plagioclase is the sole
crystallizing phase, the initial Ti0, and FeO, tracks show

an increase with decreasing temperature. The effect of

ilmenite saturation is probably best illustrated by the T]
experiments run at 1 atm (FMQ 1 1), In this case.
the maximum 110, concentration (~4-3 wt % is reached
at ~+ wt % MgO. As temperature decreases further,
110, and FeO, decrease with MgO, whereas Si0, in-
creases. The racks of 110, FeO,, and SiO, for FMQ
1'1J eventually all join the trend of the dike compositions:
FeO, and Si0, at MgO lower than that of sample VB:
110, at MgO higher than VB, Crystallization of 'I] at
higher pressure will move the tracks of the FeO, and
SiO. closer to VB, If titanomagnetite were to crystallize
after ilmenite at 5 kbar, the 5 kbar tracks of both VB
and TJ would move closer to and follow the dike trend.
P,O; concentration in the liquid increases with decreasing
temperature until phosphate erystallizes in experiments
on both '[] and VB, In the VB experiments, apatite
begins to erystallize simultancously with ilmenite and
olivine (VB-4i: this liquid is probably very close to the
Varberg liquid composition (see abovel. The T] data
also show that the carly increase in P,O; appears more
pronounced at high pressure. This pressure effect derives
from a greater proportion of pyroxene crystallizing rel-
ative 10 olivine at higher pressure: olivine can incorporate
a small amount of PO, fmore than low-Ca pyroxene:
see Vander Auwera & Longhi (1994)] and Mg decreases
more rapidly because of the higher Mg content of olivine.
SiO, decreases with temperature in IJ hiquids at 7 kbar
because of co-crystallization of high-Si plagioclase and
orthopyroxene and a low proportion of ilmenite; whereas
at 5 kbar SiQ), increases weakly because olivine is the
sole mafic silicate phase near the liquidus. K,O always
increases and the residual experimental 'IJ liquids reach
the K,O content observed in dikes.

An important feature of Fig. 8 is thus the bridge made
between the field of primitive jotunites and the trend of
evolved jotunites by liquids residual to TJ. At 5 7 kbar
the paths of the 'TJ liquids join the evolved jotunite trend
close 1o the multi-saturated VB experimental liquids
that most closely approximate the parental liquid of the
Varberg dike. Consequently, the apparent discontinuity
between primitive and evolved jotunites shown in Fig.
2 could result from a lack of exposures of this carly
fractionation stage. This process probably took place
helow the intrusion level of the dikes.

Origin of the extreme concentrations of Fe,
Ti and P in some jotunites

Jotunites characterized by very high concentrations of

FeO. 110, and PO, [FI'P) have been recognized m all
anorthosite complexes {Ashwal, 1982: Owens & Dymek.
1992: Owens ¢f al., 1993; McLelland ef al., 1994). Emslie
et al. 11994) and McLelland ¢ al. (1994) have proposed
that the unusually high Fe 17 P content is characteristic
of a liquid derived from the processes of anorthosite
crystallization under reducing conditions, FIP-rich jotu-
nites from Rogaland have been recognized in the Varberg
and Lomland dikes. In the latter, they constitute the
Puntervoll facies, which passes pmgr(‘ssi\'(‘ly along strike
into jotunites, mangerites and quartz mangerites. An
average of four analyses of the Puntervoll facies {Duchesne
et al.. 19851 plots on an extension of the trend of evolved
jotunites at 39wt %0 MgO P in Fig. 21 In the Varberg
dike. the transition between the FI'P rocks and the
common jotunites is not observed in the field bur these
FIP rocks (e.g. MEL with +20% P,O. 6-23% 110, and
27-43% FeO) plot with higher FeO and TiQ), than
simple extensions of the dike trend (Figs 2 and 8. The
chemical variation toward low-S10, compositions is more
nearly continuous in anorthosite complexes from  the
Grenville Province (Owens & Dymek, 1992 Mclelland
el al., 1994

Variation diagrams combining experimental and geo-
chemical data (Fig. 8) indicate that the composition of
sample MEL cannot be simply explained by fractionation
from a primitive jotunite even under very reducing con-
ditions [f10.) in the 5 and 7 kbar T experiments lies
hetween FMQ 2 and FMQ 4], Consequently. given
that field evidence indicates that sample MEL is co-
magmatic with VB, three alternatives are lefi: the FT'P-
rich jotunites may correspond to immiscible liquids con-

jugate to the mangerites found in the same dikes fe.g.

Lomland) or they can represent liquids more or less
heavily laden with Fe Ti oxides and apatite or possibly
cumulates injected as a crystal mush {Ashwal, 1982).
The position of sample VB in the jotunitic differ-
entiation trend corresponds to the culmination of 1'cO,
and Ti0, concentrations in the jotunite trend and thus
it is the most likely candidate to plot within the im-
miscibility field (Roedder, 1979). However. the ex-
perimental MELhquid compositions (Fig. 8] trend toward
the array of evolved jotunite compositions with decreasing
temperature, Le. Si0, and K,O increase as MgO. FeO.
P,O),. and TiQ, decrease. Therefore the VB and MEL
compositions are not situated on opposite sides of some
immiscibility ficld. There is also no evidence iglobules,
meniscis of two liquids of any kind {silicate silicate or
silicate oxidey in any of the experiments. Plagioclase is
not a near-liquidus phase of the MEL composition.
nor is there any textural or petrographic evidence for
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immiscibility in the dike itself. Moreover, if we assume
that, in the Varberg dike, the melanorite represented by
sample MEL and the mangeritic composition represented
by the Kungland facies (Duchesne ¢ al., 1983) correspond
1o conjugate immiscible liquids, the partition coefficients
of P, Zr, REE, Ba and Sr are much lower than those
measured by Watson (1976). We therefore conclude that
immiscibility is not a relevant process for the formation
of the FTI'P rocks, which leaves crystal accumulation
(perhaps achieved through flow differentiation) as the
only viable mechanism to produce FTP rocks.

Given that plagioclase is  texturally primitive
{hypidiomorphic) in the Varberg dike and is ubiquitous
in the cumulates (BKSK intrusion), the absence of plagio-
clase near the liquidus of the melanorite MEL is a
clear indication that the rock has accumulated non-felsic
minerals. However, experiments performed on the MEL
sample show that its liquidus temperature (1110°C) is
similar to that of the chilled margin (1120°C) of the
Varberg dike, and is only marginally higher than the
temperature of the likely parental liquid (~1080°C; VB-
14), despite its having higher FeO, and lower SiO.. If a
rock is a chilled suspension of a single phase mn a liquid,
the liquidus temperature of the rock will be higher than
the temperature at the time of accumulation and the
liquidus phase 1s hkely 1o crystallize over a large tem-
perature interval. However, if several phases have ac-
cumulated then there is the possibility of litde or no
increase in liquidus temperature as in the case of eutectic
accumulation. Multi-phase accumulation appears to be
the case for the relatively low liquidus temperature of
MEL, and the similarity of the liquidus temperatures of
VB and MEL is thus pardy coincidental. Nevertheless,
the situation is more complex here, as only the non-felsic
part of the saturating assemblage  ilmenite, magnetite,
apatite, and possibly orthopyroxene - appears to have
accumulated to form the melanocratic facies. In the
projections (Fig. 4), though, there appears 1o be a dis-
placement of the MEL composition away from liquids
saturated with the dike’s assemblage not toward or-
thopyroxene, but toward the olivine component. This
disparity may be attributed to I'’* incorporated in the
accumulated Fe Ti oxides, but treated as Fe?” in the
projections. Subtraction of this Fe will drive the projected
MEL composition toward Qtz on a line parallel to the
Ol-Quz join, thus increasing the proportion of or-
thopyroxene relative to olivine in the apparent ac-
cumulated component.

Major element modeling

To model the trace element variations in the jotunitic
trend, we must first constrain the phase proportions and,
hence, the major element variation. In the following,

we will present a three-stage model based on previous
petrogenctic studies of other Rogaland dikes (Duchesne
et al., 1985; Wilmart e al., 1989) as well as of the BKSK
layered intrusion (Duchesne, 1978). Stage 1 of the model
involves fractionating a primitive jotunite, similar to
the parental magma of BKSK ('I]: sample 80123a) to
produce an evolved jotunite; the second stage involves
fractionating an evolved jotunite, similar to VB to produce
a mangeritic composition; and the third stage involves
fractionating a mangeritic composition to produce quartz
mangerite.

Variation diagrams in Fig. 8 show that subtraction of
a leuconoritic assemblage from 1] drives the residual
liquid toward the field of evolved jotunite compositions,
close to the chilled margin composition of the Varberg
dike (VB). In the different sets of experiments on T]
{Vander Auwera & Longhi, 1994), cumulus assemblages
in equilibrium with the liquid closest to VB are: 64%
plag + 30% low-Ca pyroxene + 6% ilm at 7 kbar. 74%
plag + 20% ol + 2% pig + 4% ilm at 5 kbar, and 70%
plag + 18% ol + 12% oxides at 1 aum and FMQ - 1.
These phase proportions closely match the leuconoritic
cumulate deduced by Duchesne (1978) (74% plag + 16%
low-Ca pyroxene + 10% ilm) from the Sr- Ca modeling
of the leuconoritic stage of BKSK, except that olivine is
the major ferromagnesian phase at 5 kbar and 1 atm
instead of low-Ca pyroxene. Moreover, the fraction of
liquid is 0-47 at 5 kbar and 0-51 at 1 atm, which is close
to the value {f = 0-47) calculated by Duchesne (1978).
The phase proportions observed in the experimental
cumulates correspond to an equilibrium crystallization
process whereas those derived for BKSK are based on
a fracuonal crystallizaton process. Nevertheless, as a
fractional crystallization process is more relevant for the
jotunitic trend discussed here, we have chosen a cotectic
leuconoritic cumulate made of 74% plag + 16% low-Ca
pyroxene + 10% ilm with f = 0-3 for the first stage.

To further model the fractional crystallization process
along the jotunitic trend, there is the possibility to use
simulations based either on partition coeflicients (Nielsen,
1990) or on minimization of the Gibbs free energy
(Ghiorso & Sack, 1993). Nevertheless, it has been shown
that these simulations do not predict well the saturation
of Fe Ti oxides (Toplis & Carroll, 1996). We have
therefore used mass balance calculations to further model
the major element variations in the jotunitic trend. In
the case of fractional crystallization, the mineral phase
compositions must be in equilibrium with the starting
liquid and this will be true for a certain amount of
crystallizaton after which a new set of mineral com-
positions must be selected. We assume that the parent
magma of the Lomland dike was close to the Varberg
chilled margin (VB) and to the Eia Rekefjord chill (7353)
but we must point out that these compositions are prob-
ably slightly enriched in plagioclase, so that we use parent
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Table 6: Three-stage major elemen! model

VANDER AUWERA o7 al.

Calculated cumulates

Primitive jotunite

C1 = 74% plag {An,) + 16% low-Ca pyrx + 10% ilm {f1 = 0.5, F = 0-5)

Evolved jotunite

C2 = 43-3% plag + 19-6% low-Ca pyrx + 8:5% high-Ca pyrx + 9:3% ilm + 11.3% mgt + 8% ap (f2 = 0:6, F = 0.3)

Mangerite

C3 = 46.9% plag + 11.3% low-Ca pyrx + 12.7% high-Ca pyrx + 2.8% ilm + 21-1% mgt + 5:2% ap (f3 = 0-67, F = 0.2)

Least-squares fractionation model for cumulate 2 (C2)

Sio,
TiO,
Al,0,
FeO,
MgO
MnO
Ca0
Na,0
K,O
P,Os
Zr? = 0-086

Sio,
TiO,
AlLO,
FeOQ,
MgO
Ca0
Na,O
K,O

Mineral compositions used in fit

Evolved Mangerite  Cumulate Plag Opx Cpx m Mgt Apa

jotunite* (Any) {mg-no. 0.56) (mg-no. 0-66){Hem,) (Uvsp,s)

47.30 51.60 40-55 58.52 50.38 51.22 0-49 174 0-00
3:55 2-41 5.25 0-00 0-14 0-42 48-81 4.84 0-00
13.70 14.65 12.42 26-31 1.22 2.12 0-39 310 0.00
15.83 13.28 19-48 0-00 25.90 11.53 44.71 7898 0-00
3.20 2.26 4.90 0-00 18.62 12:44 0-55 0-46 0.00
0.25 0-19 0-29 0-00 0-00 0-00 0-00 0-00 0.00
7-65 6-21 9-86 7-86 0.74 20-34 0-10 on 54.80
3.56 3.96 2.95 6-50 013 0-65 0-00 0-00 0-00
170 3.00 0-35 0-80 0.00 0-00 0-00 0-00 0-00
227 1.44 3.40 0.00 0-00 0-00 0.00 0-00 41.70

Least-squares fractionation model for cumulate 3 (C3)
Mineral compositions used in fit
Mangeritet Quartz Cumulate Plag Pig VB-16  Cpx IIm Mgt Apa
mangerite (Ans) {mg-no. 0.62)(mg-no. 0-67}(Hem,) (Uvsps,)

57.02 65.71 39.83 61.00 51.66 51.06 0-40 1.22 0-00
1.92 0-99 4.32 0-00 0-78 0-51 52.79 11-05 0-00
14-16 13.31 12-33 24.70 1.27 2.36 0-10 2:13 0-00
11.98 7-54 2191 0-00 20-30 11-51 45.05 79:50 0-00
1.7 0-65 4.75 0.00 18.20 13.04 1.31 0-91 0-00
4.7 2.56 9.29 6-10 7-67 21-00 0-08 0.16 56-79
3.35 3.07 3.47 7:20 0N 0-53 0.00 0.00 0-00
3-64 5.04 0-47 1-00 0.00 0-00 0-00 0.00 0-00
1.0 0-561 2.59 0-00 0-00 0.00 0-00 0-00 43.21

P,0s
£r? = 0.057

*For stage 2, the starting composition corresponds to the average of several evolved jotunites including 75202F and 7355
whereas the mangerite is the average of the Kungland facies of the Lomland dike (Duchesne et al., 1985).
tFor stage 3, the starting and final compositions are samples 7828 and 7832 of the Tellnes dike, respectively (Wilmart, 1988;

Wilman et al.,

‘magma’ instead of ‘liquid’. The composition of this
parent magma is given in Table 6 (evolved jotunite).
Calculation of the virtual olivine composition, using the
Ford et al. {1983 relationship, in equilibrium with that

1989).

liquid gives Fo,, at 3 kbar (1094°C). "This olivine con-
strains the mg-number of the pyroxenes in equilibrium
with that liquid and permits selection of the other minerals
(plag, ilm and magnetite} in the series of BRSK cumulate
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assemblages. Given these compositions, it is possible to
calculate by least-squares fitting the proportions of the
minerals in the cumulate which subtracted from an
evolved jotunitic liquid close to VB give a mangeritic
composition close to that of the Lomland dike (Khuingland
facies) which is also close to that of sample 78211 (2:7%
MgO). The fitting is excellent (sum of the squared residues
<0-1). The composition of the assemblage 1s given in
Table 6, as well as the whole-rock composition of the
calculated cumulate and the mangeritic composition. Tt
is worth noting that this latter composition is close to the
melt phase obtained in the VB-16 run in which the
cumulate is also very rich in oxide [53% plag + 7-5%
pig + 7-3% aug + 25% uvsp + 7-3% phosph: uvsp is
the sole oxide as the experiment was conducted at NNO
and the proportion of pyroxenes is less than in the
calculated cumulate because the VB-16 liquid is higher
in - Si0, (56:69%) than  the  calculated  mangerite
51:60%}]. On the other hand, the norite cumulate
deduced from trace element modeling of the second stage
(moritic) of BKSK (Duchesne, 1978) as well as the noritie
cumulate calculated for the Tellnes dike (Wilmart e/ al.,
1989 bracket the assemblage calculated here.

In a study of the Tellnes dike, Wilmart ¢ al. {1989)
have modeled the formation of a charnockite from an
evolved jotunite {similar to VB). The presence ol a quartz
mangerite (7838 among the series of fine-gramed samples
confirms the general nature of this differentiation process.
Stage 3 of our modeling, which employs samples 7828
{mangerite) and 7832 (quartz mangerite) from the Tellnes
dike (Wilmart ef al, 1989} as the starting and final
compuositions, respectively, is now a refinement of their
calculations. The results show that an oxide gabbro
cumulate (C3; Table 6) can account for fractionation from
a mangerite 1o a quartz mangerite. The C3 plagioclase
contains 1% K.,O, in agreement with the VB-16 plagio-
clase {0-80% K,O). Petrographic and experimental data
indicate that olivine is not stable i the evolved hiquids
of the differentiation trend, which justifies the presence
of pigeonite instead of olivine (Wilmart ¢t af., 1989) in
our cumulate. Mass balance calculations thus indicate
that differentiation and silica enrtchment along the jotu-
nitic trend can be explained by extraction of magnetite
ilmenite-rich cumulates (G2 and €i3) whose bulk Si10,
values are lower than that of the evolved jotunite and
mangerite, as already pointed out by Hunter & Sparks
{1987) for the Skaergaard intrusion. This conclusion is
further supported by several other lines of evidence. As
already mentioned, the mangeritic liquid of run VB-16
is in equilibrium with an assemblage contaming 25%
uvsp. Morcover, the BKSK evolved cumulates are char-
acterized by thick lavers of ultramafic rock containing
up to 50% of Fe Ti oxides, interleaved with norites or
mangerites {Duchesne ef al., 1987). Finaily, the calculated
cumulates are close o sample MEL, and the occurrence

of FTP rocks such as MEL indicates that it is possible
1o accumulate large amounts of Fe 17 oxides from thesc
magmas.

Constraints from trace elements
We have also modeled the abundances of various trace

clements (REE, Sr, U, Th, Zr, Hf, Ta, Rb, Ba, Co, Ni,

Cr, Sc) in three stages using the same proportions of

minerals that proved successful for the major elements.
Partition coeflicients are listed in Tables 7 and 8, and
are taken from the literature, except where noted. Apatite
and plagioclase are likely to be the most important
phases because apatite has the highest Dy values of the
calculated minerals (Watson & Green, 1981}, whercas
plagioclase 1s the most abundant phase in the model
cumulates, and apatite and plagioclase fractionate Fu
and Sr relative to the REE in opposite directions. We
have attempted to account for compositional variations in
partition cocflicients and 1o fill in gaps in the experimental
data base with various approximations. For example, Dy,
{plag) has been calculated using Drake’s equation (Drake,
1975) waking Dy, = D = 1'4 (Watson & Green,
1981) and determining Dy, by extrapolating the other
trivalent REE. The set of Dy, (plag) (Fable 7) has been
estimated by normalizing trace clement concentrations
measured in plagioclase separates (An,,) from the anor-
thositic cumulates of the Hidra leuconoritic body (De-
muaifle & Hertogen, 1981) to concentrations of the same
elements i Hidra chilled margin samples (Duchesne et
al., 1974; Demaiffe & Hertogen, 19813 In the case of
apatite in stage 2, for example, the Dy values have
heen caleulated v normalizing the REE concentrations
of apatite separated from sample MEL to the REE
concentrations of bulk sample 8951, which is close w a
liquid composition. For stage 3. the data of Fujimaki
(1986) have been adopted.

Results of the model calculations using sample 80123a
['lJ: Puchesne & Hertogen (1988); Vander Auwera &
Longhi {19941 as the starting composition are shown in
Figs 9 and 10. 'The REE (Fig. 9a) show a strong increase
during stage 1, then decrease from stage 2 to stage 3 as
apatite crystallizes. A slight negative Ku anomaly appears
in stage 1 and then disappears in stage 2 as a result
of the appearance of apatite in the cumulate. Finally,
fractionation of apatite with high D values in stage 3
induces the appearance of a positive Eu anomaly. The
calculated REE contents closely, but not exactly, match
the patterns observed i the jotunitic suite {Fig. 6). Small
positive Fu anomalies in some evolved jotunites and lack
of any Eu anomaly in others probably reflect minor
accumulations of plagioclase in the evolved jotunites
inferred from phase equilibria considerations. For the
other trace elements, results are shown in Fig. 9 and
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Table 7: REE partition coefficients selected for the modeling

plag (1) apa,2 (2) apa,3 (3} opx (4) cpx (5) ilm (6) mgt (1)
La 013 12.0 145 0-0019 0-04 0.0023 0-006
Ce 01 15-0 219 0-0035 0-075 0-0019 0.006
Pr 01 17-0 269 0-0059 0113 0-0016 0-006
Nd 0-09 19.0 328 0013 015 0-0012 0-006
Sm 0-06 20-0 46-0 0.063 0.22 0-0023 0-006
Eu 0-46 130 255 0-059 0-2 0-0009 0-006
Gd 0.052 20-0 43.9 0.069 0.25 0-006 0.006
Tb 0.05 19.0 394 01 0.-258 0-0095 0-006
Dy 0-048 18.0 34.8 0-15 0-267 0013 0.006
Ho 0-046 16-8 28.8 02 0275 0.022 0-006
Er 0-044 155 227 0-24 0-283 0-031 0-006
™ 0-042 14.2 191 0-315 0-292 0-044 0-006
Yb 0.04 13.0 154 0-39 0-3 0-057 0-008
Lu 0.038 100 138 0-47 03 0.-07 0-008

1, Demaiffe & Hertogen (1981); 2, see text for explanation; 3, Fujimaki (1986); 4, Dunn & Sen (1994); 5, McKay (1989) for
40% Wo; 6, Nakamura et al. {1986); 2 and 3 correspond to the cumulates ¢2 and c¢3 of Table 6. Values of D not given in the
literature were extrapolated.

Table 8: Trace elements partition coefficients selected for the modeling

plagl plag2 plag3 opx ilm apa2 apa3 cpx mgt
Sr 19 (1) 2.3(1) 39 (1) 0.0034 (2) 1-4 (3) 2:2(3) 0-09 (5)
U 0-34 (2) 0:34 (2) 0-34 (2) 0-0002 (8) 25 (12} 25 (12) 0-0009 (13)
Th 0-04 (8) 0.04 (6} 0-04 (6} 0-0001 (8) 0-09 23 19 0.0015 (13) 0-025 (19)
Zr 0-021 (2} 0-33 (10) 025 (14) 0-12 (19}
Hf 001 {7} 0.01 (7) 0:01 (7} 0-004 (8} 0-419 (10) 0-29 {15} 097 (19)
Ta 0-018 (6) 0-018 (6) 0-018 (6} 0-004 (21) 37 003 0-04
Rb 0-1(6) 0-1(6) 0-1 (6} 0-025 (4}
Ba 038 (2 &22) 0.38 (2 & 22) 0-38(2 & 22) 0.00015 (8) 0.0023 (16)
Co 0-05 (6) 0-05 (6) 0-05 (6) 0.7 (8) 9 1.2 (4) 5 (20)
Ni 96 (8) 17 2(17) 44 (19)
Cr 0-03 (7} 0-03 (7) 0-03 (7} 11(8) 16 (11) 2.7 (18) 350 (11)
Sc 0.015 (7) 0-015 (7} 0-015 (7) 219 2(9) 4(9) 2(9)

(1) Duchesne (1978) and Vander Auwera et al. (1993); (2) Dunn & Sen (1994); {3) Watson & Green (1981); (4) Henderson
{1982); (5) Ray et al. (1983); (6) calculated from Demaiffe & Hertogen (1981) and Duchesne et al. (1974); (7} Phinney &
Morrison (1990); (8) Kennedy et al. (1993); (9) Duchesne et al. (1985); (10} McKay et al. (1986); (11) Jensen et al. (1993); (12}
J. C. Duchesne, personal communication (1996); (13) Beattie (1993); (14} Johnson & Kinzler (1989); (15) Hart & Dunn (1993);
(16) average of values given by Hart & Dunn (1933), Beattie (1993) and Hauri et al. {(1994}); (17) Steele & Lindstrom (1981};
{18} average of values given by Hart & Dunn (1993} and Hauri et al. (1994); (19) Nielsen et al. (1994); (20) Horn et al. (1994);
{21) Forsythe et al. (1994); (22) Duchesne & Demaiffe (1978). 1, 2 and 3 are for the three cumulates c1-¢c3 of Table 6. When
the D value is not specified in a mineral, it is assumed equal to zero. Partition coefficients in italics have been calculated.

compared with the observed compositions of the different increase i the first stage and then decreases i the
types of rocks in Table 9. Sr, U, Th, Co, Ni and Cr subscquent stages as magnetite crystallizes. The uniformly
decrease with fractionation:; Zr, HI, Rb and Ba increase;  incompatible nature of Zr and Hf suggests that zircon is
Ta slightly increases; and, finally, Sc displays a slight - not a liquidus phase in the jotunitic suite. These results
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Table 9: Comparison between observed and calculated trace element content

Primitive jotunites Evolved jotunites Mangerites Quartz mangerites
80123a Observed Calculated Observed Calcuiated Observed Calculated Observed
range range range range

Sr 530 382-784 400 412-465 377 272-310 257 128-211
U 0-10 0-1-1.3 017 0-32 0-09 0-1-18 0-08 0-1-0-2
Th 050 0.5-3-8 0.97 0-51-1-19 0-63 0-59-0-67 0-63 0.-66-0-87
Zr 262.00 155-292 510.96 89-558 821.85 717-952 1193-36 1251-1387
Hf 6:50 4.5-8.2 12.56 5-4-11 19-10 17.3-221 25.71 28-5-32-5
Ta 1-31 0-8-1-31 2.01 1-2-2 2.78 1-3-1.9 3.95 0.94-1.62
Rb 17-00 5-8-44 32.21 9.7-13.4 52-38 34 76-63 48-71
Ba 469-00 469-801 771-87 1065-1602 1182-61 1533-1801 1643-05 1842-1979
Co 49-00 30-729 47.36 34.7-56-9 33.76 17-20-2 26-96 7:2-115
Ni 60-00 53-60 12.88 6-6-16-1 0.27 0-1-4 0-00
Cr 28.00 28-50 16-28 22-66 0-00 4-34 0-00 1-21
Sc 13-80 13.8-25.9 19.10 8-15-28-1 17-69 19-211 16.20 16-17.7

For each type of rock, the composition calculated using the three-stage major element model (see text for explanation) is
compared with the range observed in the fine-grained samples. In the case of the primitive jotunites, these samples are
80123a, 7234, 91141; 7020 (Duchesne et al., 1974); 200/22, 259/11 (Demaiffe & Hertogen, 1981); BSO, B93, BIS (Wilson et al.,

1996). For the evolved jotunites, the samples are 75202F, 7355,

the mangerites, the samples are 7838 and 7832 (Wilmart et al.

arc similar to those obtained for the Tellnes dike (Wilmart,
1988; Wilmart ¢ al., 1989). For most elements the agree-
ment between observed and calculated values is very
good, which supports the major element modelling pro-
posed above. It should be noted especially that the Sr
concentration decreases with crystallization, whereas the
LREE show a small overall increase; hence the de-
velopment of a pronounced Sr depletion relative to
the LREE in the most evolved rocks a clear sign of
plagioclase fractionation. Continuous enrichment of Hf
and Zr smooths out the depletions of Hf and Zr relative
to the middle REE (MREE) in the transition from evolved
jotunite to quartz mangerite as observed in the rocks
(Fig. 7). For U and Th, our calculated values increase in
stage | and then slowly decrease in stages 2 and 3, as
observed in the rocks, reflecting the crystallization of
apatite in stages 2 and 3, with high partition coefficients
for these elements (Duchesne & Wilmart, 1997). Also,
the calculated Rb concentration increases as expected
with differentiation, but, starting with 17 ppm in 80123a,
the concentrations after stages 1 and 2 are higher than
those measured in the evolved jotunites and the man-
gerites. When a starting composition lower in Rb s
chosen, as, for example, 5-80 ppm in primitive jotunite
91141, the calculated values in stages 2 (17-87 ppm) and
3 (2617 ppm) are lower than the observed ranges. The
highly variable Rb contents of the primitive jotunites
(Duchesne et al., 1989) probably reflect different degrees

89115, 8925, 8926 as well as 7252 {Wilmart et al., 1989). For
1989).

of contamination in the various batches of the parental
jotunite  magma. Although some additional con-
tamination during fractionation of the Varberg and Lom-
land dikes cannot be excluded, Rb-Sr isotopic data
prohibit any significant contamination of the Tellnes dike
during fractionation (Wilmart e o/, 1989). The same
conclusion can also be drawn regarding the K,O evol-
ution. Small vartations in the K,O content of the parental
magma batches, noted by Duchesne et al. (1989), are
amplified by fractionation of a low-K cumulate. Con-
tamination of the dikes is curious because most of the
outcrop of the jotunitic dikes lies within anorthositic rocks
which are very low in K and Rb. The unsuitability of
the anorthosite as a source of contamination for the dikes
suggests that the dikes intruded the anorthosites already
contaminated.

DISCUSSION

Results presented here indicate that quartz mangerites
occurring in the vicinity of anorthositic complexes can be
produced by extensive fractionation of primitive jotunites.
Their compositions will be dependent upon the com-
position of the parental jotunite, but some generalizations
are possible: such quartz mangerites will be characterized
by REE concentrations in the range of jotunites with a
weak Eu anomaly that is more positive {or less negative)
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curves. Shaded paths indicate lines off
jotunite errodiorite] trend; g, Nain granitoids; R, Roga

than its parent; and on multi-clement plots there will be
locally strong depletions of U, Th, Sr, and T1 with smalier
{0 no relative depletions of Hf and Zr. Complementary
to the quartz mangerite will be a series of cumulates rich
in oxides and apatite which will form melanocratic rocks.
Recently, Owens ef al. {1993) described a broadly similar
scenario for derivation of quartz mangerite from jotunite
in the Grenville Province of Quebec. These observations
differ in detail from those of Mitchell et al. (1996) and
Emslie et al. (19941, Mitchell ef al. (1996) described mon-
zodiorite (~jotunite) evolving to monzonite {mangerite)
and then monzosyenite instead of quartz monzonite
(~quartz mangerite) along with the formation of com-
plementary oxide apatite-rich rocks in the Laramie Cor-
plex of Wyoming. Emslic et al. (1994 observed an absence

descent consistent with mineral assemblages as explained in text. G, Laramic and Marey trends: .. Nain
land trend [see text); £, hvpothetical trend of crustal melt with intermediate composition.

of evolved compositions in the range of 52 62 wt %

SiO., but a continuum in SiQ, from 62 (quartz mangerite)
to 74% (charnockite) in the Nain Complex of Labrador.
Not surprisingly, Emslic et al. (1994) ascribed their high-
Si compositions to partial meling of the lower crust, not
fractionation. The Nain high-Si compositions have much
in common with the Rogaland quartz mangerites in terms
of mineralogy and trace clement abundance patterns:
however, the Nain granitoids show small negative Fu
anomalies and more pronounced relative depletions of
Srand P, which might reflect more extensive fractionation
of plagioclase and apatite, but might also reflect partial
melting of a mafic crustal source. Also, the Rogaland
quartz mangerites are found only within fractionated
dikes or as the upper portion of a much larger jotunitic
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intrusion such as BKSK (Duchesne & Wilmart, 1997,
whereas some of the Nain granioids comprise entire
discrete intrusions or substantial fractions of others. Al-
though the difference in field relations between Rogaland
and Nain may be due in part to the level of exposure,
we cannot exclude the possibility of deriving some quartz
mangerites by partial melting of the lower crust. Indeed,
as discussed below, there is a wide range of pressure and
composition for which fractionation of a jotunitic magma
cannot vield quartz mangerite.

Our conclusions on the liquid line of descent of jotu-
nites, as well as those of Owens ef al. (1993) and Mitchell
et al. {1996), contradict those presented by McLelland et
al. (1994), who modeled the compositions of P I Fe-
rich mafic dikes and sheets from the contact zone of the
Marcy massif in the Adirondack mountains. In varation
diagrams, the trends defined by these rocks show extreme
cnrichments in FeQ, {up o 23%), TiO, (up 10 7-6%).
P.O; (3-6%) correlated with extreme depletion in silica
[down to 36% Si0,). MclLelland e af. (1994) admitted
that these rocks are likely to represent erystal-laden liquids
but nevertheless contended that the liquid line of descent
followed at least in part a trend of decreasing Si and
increasing P, Ti, and Fe. However, comparison with the
data from this study indicates that the highest Fe, Ty, P

and lowest Si concentrations are similar to those of

Rogaland sample MEL, which is demonstrably a partial
cumulate of a muluphase liquidus assemblage (pyroxene,
apatite, ilmenite, magnetite); furthermore, experiments
show that FeO,, TiO),, and P,O; decrease as oxides and
apatite crystallize from this composition. In projections
such as Fig. 4a and b, the FI'P-rich model magmas
A6 M9 from Mcelelland ef al. (1994) {Table 1) define a
trend (not shown) pointing away from the 3 kbar pseudo-
cutectic toward the Ol component; whercas model
magmas M4 M6 plot close to the pseudo-cutectic.
As explained above. the highest apparent contents of
the Ol component may be in part a mixture of
pyroxene  and  magnetite.  The  presence  of
pyroxene + oxide + apatite + plagioclase in M8 fol-
lowed by the initial appearance of olivine m M9 is also
consistent with a eutectic-like  pseudo-invariant point.
Thus the Marcy FTP enrichment is due primarily to
accumulation from a multisaturated jotunitic liquid.
Interestingly, NMcLelland ef af. (1994) pointed out the
existence of a ‘coeval, but not comagmatic’ suite of rocks
including mangerites and charnockites, which suggests a
second jotunitic magma series characterized by silica
enrichment similar 1o Rogaland (e.g. De Waard & Ro-
mey, 1968). The various differentiation paths of these
and other jotunitic suiles arc lustrated in Fig. 10 by
schematic versions of Fig. 4a in which magnetite is
included as a projection component. The overall topology
of Fig. 10 is the same as in Fig. 4a, but points project
differendy (higher Qtz component) because some of the

Fe has been removed from the Ol component o form
an Fe;O, [Mgt) component. Liquid lines of descent are
represented by shaded hines and FTP wends by patterned
arcas, Because different suites probably crystallized at
different pressures the topology ol the entire diagram
may not be appropriate to a single pressure or com-
position (with decreasing pressure or increasing mg-num-
ber the olivine pseudo-cutectic becomes peritectic and
the pyroxene plagioclase  thermal divide  disappears).
However, the diagram was constructed such that the local
liquidus topologies would be appropriate. The diagram
shows that the plagioclase + low-Cia pyroxene 4 augite
thermal maximum 1s stable on the aug + lpyx liquidus
houndary and that the Wo-rich portion of the ol + Ipyx
curve 1s even, whereas the low-Wo portion is odd and
truncates the thermald ridge that crosses the Ipyx liquidus
field. This configuration allows olivine to react out of
magmas along the R curve and be replaced by pigeonite
(Ipyx): and 1t also allows the fractionating magma o
eventually reach silica saturation  Rogaland, some of
the Grenville intrusions {Owens ef al., 1993} and parts of
the Adirondacks {De Waard & Romey, 1968) are ox-
amples. The G curve represents magmas in which olivine
crystallizes after pigeonite at the pseudo-cutectic, such as
in the Greaser Intrusion in the Laramie Complex (Mit-
chell e al, 1996) and the Marey trend of MceLelland e
al. (1994). The V curve [Nain  Emslic o al. (1994}
Maloin Ranch pluton  Kolker & Lindsley {19893) is an
example of a wend in which the liquid lies in the
pyroxene + plagioclase thermal divide. so neither olivine
nor quartz crystallizes, even after extensive fractionation.
As a result, jotunitic (ferrodioriue, monzonontic) rocks
grade into two-pyroxene mangerites. and subsequently
into svenites. Such rocks will show a modest increase in
510, concentration because the high-Si felsic components
increase at the expense of the low-Si mafic components
in the residual liquids {(e.g. Longhi, 1991). Because the
decrease in the Quz component is so small along the G
trend, S10, will also merease weakly n the residual hquid
as it progressively forms olivine-free jotunites (ferro-
diorites), olivine-bearing mangerites, and ol svenites. Thus
FI'P cumulates apparently have developed from hquids
that underwent pronounced $1Q, enrichment (R) as well
as from residual liquids in which Si(), increased only
modestly (V, G). Finally, the curve labeled with the
question mark 1s an example of a line of descent along
which $10, concentration and Qtz content decrease, and
FeO,, TiO, and P,0; increase, even though ilmenite and
apatite are crystallizing. Such behavior is possible because
the solubilities of ThO, and P,O; increase with decreasing
Si10, (e.g. Harrison & Watson, 1984). Rocks formed from
such magmas would contain olivine, plagioclase, and
highly aluminous augite, in addition to apatite and oxides,
but no low-Ca pyroxene. We are not aware of any
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examples of such a rock series in Proterozoic anorthosite
complexes.

It follows that Ipyx-hearing granitoids cannot he con-
sanguinous with coeval jotunitic rocks, if the parent
magma of the jotunites evolved cither on the low-Qtz
side of the pyroxene plagioclase thermal divide (e.g. 6)
or in the divide itself {c.g. V1. Charnockitic granitoids
could only have been derived from parent magmas that
project to the high-Quz side of the thermal divide; there
are three possible options: (1) the granitoid magmas may
have fractionated from a jotunitic liquid with low-Wo
content like TJ that was able to breach the trace of the
thermal divide before low-Ca pyroxene precipitated (R);
27 they may have fractionated from crustal melts with
intermediate composition (7 (3) the granitoids may have
erystallized directly from high-SiO, crustal melts (V) as
suggested by Emslie of al. 11994). Tn the first case, con-
tinuous variation in $i0), concentration is expected. In
the second case. a gap in SiO; is problematical: however,

a bimodal volume distribution v Si0), is likely even if

Si0O, variation is apparently continuous. In the third case,
a gap in SiO, concentration is inevitable.

CONCLUSIONS

The Rogaland jotunitic trend presented above (Fig. 2) s
the latter part of a multi-stage process of polybaric
fractional crystallization, crystal accumulation, and prob-
ably flow differentiation within dikes. The high MgO
FeQ, TiO, P,O, rocks arc accumulations of a dense
oxide apatite pigeonite assemblage into coexisting Jotu-
nitic to mangeritic liquids. The accumulation is probably
the result of flow differentiation within the dike system
causing separation of a crystal-rich suspension into high-
and low-density components, liquid £ plagioclase being
the low-density component. Indeed, the dike chill margins
appear to be mixtures of multi-saturated liquid and
15 30% plagioclase. Evidence of K and Rb increasing
faster than can be accounted for by fractional crys-
tallization suggests contamination of the suspension be-
fore its intrusion into the anorthositic terrane. Estimated
CaO concentrations of the bulk compositions of inverted
pigeonites are intermediate to those produced at 1 bar
and those at 3 kbar. suggesting crystallization of the
\arberg dike, at least, in this pressure range. The earher
part of the process was fractional crystallization of a
primitive jotunitic magma that is similar to the parental
liquid of the Bjerkreim  Sokndal layered intrusion. Major
and trace element modeling are consistent with extraction
of an ilmenite norite component from the primitive
jotunite to form an evolved jotunite similar to the Varberg
chill margin. Liquids generated in melting experiments
(Vander Auwera & Longhi, 1994) on a primitive jotunite
CLJacd 7 kbar are saturated not only with the requisite

PETROGENESIS OF JOTUNITE SUI'TE

ilmenite norite assemblage., but also interseet the jotunite
major clement trend closest to the Varberg chill margin
composition. Trace element modeling also is consistent
with such a scheme. This early stage of fractionation
probably took place several kilometers below the intrusion
level of dikes in a chamber evolving similarly to BKSK
and provides the link between primitive and evolved

Jotunites.

Other rescarchers have argued that the  jotunitic
iferrodioritics suite was derived by fractionating liquids
residual to the anorthosites themselves {e.g. Owens of al.,
1993: Mitchell ef af.. 1996). Although we have presented
evidenee from Rogaland that seemingly contradicts these
arguments in detail. we agree in the larger sense because
we believe that primitive jotunites may be parental not
only to mafic bodies such as BRKSK. but also 1o a
substantial portion of the Rogaland anorthosites ‘Du-
chesne, 1978 Longhi & Vander Auwera, 19920 the
amount of suspended plagioclase determines whether the
intrusion is anorthositic or mafic, but the liquid is similar
and so is its line of descent. ‘Thus the jotunitic dikes may
just as well have been spawned by fractionation within
a deep-scated anorthositic intrusion as in a layered. mafic
body similar to BKSK. Furthermore, although there is
widespread belief that a mantle-derived high-Al basalt 1s
parcntal to the massif anorthosites (Morse, 1982: Emslie
el al., 1994 Mitchell ¢ o, 1996} there is evidence of a
continuum in composition between such high-Al basalts
and primitive jotunites, which have highcr concentrations
of T1, P, and K but are otherwise similar (Longht &
Vander Auwera, 1992 And, most importanty. both
high-Al basaltic and primitive jotunitic compositions,
which are suitable as parental magmas of anorthosites,
lie in thermal divides (maxima) at lower crustal pressures.
which effectively precludes their having been derived by
fractional crystallization, with or without crustal as-
similation, of more primitive mantle derived melts
(Longhi & Vander Auwera, 1992).

Further crystallization and flow of the evolved jotunitic
magma within the dikes produced a series of mangeritic,
quartz mangeritic. and charnockitic rocks displaying a
continuous increase in Si0, concentration. There are
also low-S8i0), facics of the dikes enriched in FeO,, TiO,,
and PO, (FTP rocks), which are partial cumulates of
pigeonite, oxides, and apatite complementary to the
SiO, enrichment wend. Trace element modeling of this
fractionation scheme closely reproduces the observed
rock compositions, in particular the lack of a significant
Eu anomaly despite extensive plagioclase fractionation.
Whether jotunitic magmas fractionate continuously to
quartz mangerite and charnockite or to mangerite and
syenite s determined by their disposition relative o
the pyroxene plagioclase thermal divide. which hecomes
stable at ~3 4 kbar in these compositions. Jotunitic
magmas that crystallize either in the thermal divide or
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on the low-Qtz side of the divide will not yicld high-
Si0Q,, quartz-bearing derivatives; consequently, coeval
granitoids are either direct crustal melts or derived from
crustal melts with intermediate composition. If low-pres-
sure and/or low Wo content permit a jotunitic magma
10 breach the pyroxene- plagioclase thermal divide, then
continued fractionation will yield consanguinous gran-
itoids as in Rogaland.
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Experimental data in the range of 1 bar to 13 kbar enable us to
map the liquidus equilibria relevant to Proterozow (masif} anor-
thosites and related mafic rocks. Massif anorthosites are widely
belteved to have formed by accumulation of plagioctase into high-
A basalue liquids. Mantle-derived basaltte liquids. fractionating
at presswres sufficiently high (1013 kbarj to crystallize the highty
aluminous orthoprroxene megacrysty typically observed in anorthosite
masstfs. reach plagioclase saturation at low normative silica contents.
Peritectic-like equilibria fe.g. liq + opx — plag + cpx + sp)
and a thermal divide on the plagioclase + priovene hquidus swface
ensure thal mantle-dertved liquids become nepheline normative with
Sfurther ervstallization and crustal assimilation at depth. Such
liguids cannot produce the full range of toctolitic noritic fo froc-
iofitic gabbroic mineral assemblages observed in anorthosite massifs
without extensive low-pressure granite assimilation. Converselv. the
array of plawsible anorthosite parental hiquids not onby lies along
the trace of the plagtaclase + hwo-prroxene cotechic from 10 to 13
kbar. but also straddles the thermal divide on the plagioclase +
priovene liquidus surface. This condition requives mafic source
regions, such as loweer continental crust or foundered mafic plutons,
Jor liguids parental to massif anorthosites and associated mafic

mlruston..

KEY WORDS: anorthoyite: lower crust; megacryst: thermal divide: troctolite
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INTRODUCTION

There is hardly a consensus on the petrogenesis of
Proterozoic (massil’) anorthosites, but many investigators
believe in a petrogenetic scheme that involves at least
two major stages: (1) extensive crystallizadon {+ as-
similation) of & mante-derived magma ponded at or
near the base of the crust that produces suspensions of
plagioclase in Fe-rich. high-Al gabbroic liquids: followed
by (27 intrusion of these suspensions into the mid upper
crust where they form complex magma chambers {e.g.
Duchesne, 1984 Emslie, 19853 Ashwal. 1993: Wiebe,
19941 A key component of the scheme is the presence
in most massils of high-Al orthopyroxene megacrysts
(HAONM, Emslie. 1975) that appear to preserve a record
of the high-pressure stage (Maquil & Duchesne, 198+
Longhi ef af., 1993). The structures of massifs vary from
those that are composites of multiple diapiric intrusions
(Harp Lake, Emslie, 1980; Rogaland, Duchesne, 1984)
to intrusive bodies with well-developed  layering of
leucocratic troctolites and leuconorites or leucogabbros
overlain by masses of anorthosite (Michikamau, Emslie.
1970: Laramic, Frost o al. 1993), so there may be
different modes of transport of the suspensions through
the crust. Associated mafic rocks are found on all scales
from large layered intrusions, such as Kiglapait {Morse,
1979) and Bjerkreim Sokndal (Duchesne, 1987; Wilson
et al., 1996, with dimensions on the same scale as the
anorthositic badies, to lenses. dikes. and small ferrodioritic

¢ Oxford Universing Press 1999
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{ jotunitic) to monzonitic {mangeritic) intrusions that ap-
pear to have formed from liquids residual to either the
crystallization of the anorthositic masses (e.g. Mitchell ef
al., 1996) or the morc primitive mafic intrusion (e.g.
Vander Auwera ¢! al., 1998). Many workers believe the
parental magmas of the large layered intrusions to have
been relatively plagioclase-free residual liquid from the
deep-seated chambers (e.g. Wiebe, 1994). Finally, most
workers ascribe formation of associated granitoids (quartz
monzonite, charnockite) to melting of the lower crust
(e.g. Emslie e al, 1994), although some examples of
continuous differentiation from jotunite to charnockite
exist (Vander Auwera et al., 1998).

The major alternative to derivation of the anorthosites’
parental magma from the mantle is melting of the lower
crust. Trace element modelling provides the basis for
this hypothesis (Simmons & Hanson, 1978; Taylor et al.,
1984), although there is some experimental work to
support melting of the lower crust as well (Green, 1969).

Most anorthositic and related rocks have isotopic com-
positions that depart to some degree from depleted mantle
evolution curves in the direction of crustal con-
tamination—usually the mafic rocks are more con-
taminated—leading to the concept that most mafic rocks
are ‘coeval, but not consanguineous’ with the anorthosites
{e.g. Duchesne ef al., 1989). Where massifs hie on either
side of a major tectonic boundary, there are systematic
differences in the isotopic compositions that correlate
with tectonic province (Ashwal & Wooden, 1983; Emslie
et al., 1994). Assimilation of different crustal types in the
ponded, deep-seated chamber and possibly additional
assimilation during transit of the magmas to the upper
crust are believed to account for departures of the isotopic
systems from mantle evolution curves (e.g. Emslie ef al.,
1994).

The purpose of this paper is to examine the viability
of evolved mantle-derived magmas as parental magmas
not only to the anorthositic rocks, but to the mafic rocks
and high-Al orthopyroxene megacrysts. To this end we
have employed new and published experimental phase
cquilibrium data in the range of | bar to 13 kbar 1o map
out permissible liquid lines of descent of mantle-derived
magmas, to constrain the compositions of liquids parental
to massif anorthosites based on crystallization sequences,
and to predict the compositions of possible lower-crustal
melts under anhydrous conditions. We have distinguished
two groups of compositions for consideration on the basis
of mg-number [molar MgO/(MgO + FeO)] and the
composition of the normative feldspar: a high-Al basaltic
group {mg-number = 0:5-0-4; Ab,, 5,0r, ) represented
by HLCA, the proposed parent magma of the Harp
Lake complex (Emslie, 1980), and a jotunitic group (mg-
number = 0-4 0-25; Ab;, ,,Or, ) represented by 1], a
chill margin sample from the Bjerkreim Sokndal in-
trusion of southern Norway {Duchesne & Hertogen,
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1988). Although the liquidus temperatures of the jotunites
are much lower than those of the HLCA group, their
phase relations are broadly similar, and it is likely that
the groupings represent distinct portions of a larger
continuum of compositions.

EXPERIMENTAL METHODS

New experiments were carried out on a powdered rock
from the Hettasch Intrusion in Nain, Labrador (Berg,
1980) and on a series of synthetic crystal-glass mixtures.
The Hettasch sample (HT76E) is one of a series of
samples from quenched pillow-like masses within the
layered cumulates. Interpretations of these rocks range
from chilled pulses of new liquid (Berg. 1980) to negatively
buoyant mixtures of crystals and liquid detached from
the top of the magma chamber. The synthetic materials
include HLCA, the average high-Al gabbro and proposed
parental magma composition of the Harp Lake anor-
thosite in Nain, Labrador (Emslie, 1980), and HILOL,, a
composition designed to yield olivine-bearing multi-
saturated liquids at moderate pressures. A mechanical
mixture of HLCA and HT76E was also used as starting
material. The synthetic materials were fused mixtures of
oxides and carbonates that were partially crystallized at
the fayalite-magnetite—quartz (FMQ)) buffer. All ex-
periments were performed at Lamont Doherty Earth
Observatory in a standard /2 inch piston cylinder
apparatus, utilizing a BaCO, pressure medium, and
calibrating pressure against the melting curve of gold, as
described by Fram & Longhi {1992). Temperature was
measured with Pt,,, Pty Rh,, thermocouples and power
consumption was monitored to guard against thermo-
couple drift. Charges were run in unsealed graphite
capsules. Comparison of oxide assemblages produced in
graphite capsules at 5 kbar with 1 atm controlled fO,
experiments indicates that fO, is approximately at MW
(magnetite wiistite) 2 in the graphite capsule ex-
periments (Vander Auwera & Longhi, 1994). Also, IR
spectra of glass produced with the same assembly in-
dicated <0-1% each of H,O and CO, (Fram & Longhi,
1992). Bulk compositions of the starting materials are
listed in Table 1. Run conditions and phase assemblages
are given in Table 2.

After each experiment, the charges were mounted
in epoxy, polished and analyzed with the CAMEBAX
electron microprobe utilizing the wavelength dispersive
system. Accelerating voltage was set at 15 kV and all
elements were measured for 20 s at a beam current of
23 nA except in the case of feldspars, phosphates, and
glasses, when Na and K were measured first for 30 s at
5-10 nA. For glasses the beam was rastered over square
areas 10-20 pm on a side to minimize alkali loss. X-
ray mtensities were reduced using the Cameca PAP
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Table 1: Analyzed and nominal compositions of

starting malertals and parent magmas (wt %o

oxides)

HLOL*t HTBOE*# HLCA*t HT/HLS TJ*#  KIMODS
si0, 469 469 500 489 495 491
TiO, 178 110 185 149 346 079
ALO, 167 196 175 187 160 187
Cr0; 003 002 003 002 000
FeO 122 108 108 109 1341 10-3
MgO 105 775 667 129 454 178
MnO 013 015 015 015 013 015
Ca0 849 878 878 886 682 952
K,0 047 040 044 042 094 027
Na,0 285 282 293 290 365  3.08
P.0; 018 015 016 016 063 011
Sum 1002 985 995 998 988 998
mg-no. 0607 0533 0620 0544 0383 0574
NAb 0428 0391 0423 0399 0506 0409
NOr 0.046 0034 0042 0038 0083  0.065

mg-number =molar MgO/(MgO + FeO).

NADb =2Na,0/(A,0; + Na,0 + K,0);

NOr = 2K,0/(A,0; + Na,0 + K0}

* Analyzed compositions.

1 Devitrified synthetic glass.

¥ Rock powder.

§ A 50:50 mixture of normalized HTB0E and HLCA.

{ Model Kiglapait parent magma from Nolan & Morse (1986).

Table 2: Experiments and run conditions

ORIGIN OF PROTEROZOIC ANORTHOSITES

correction program. A combination of mineral and glass
standards were used for glass analyses, whercas only
mineral standards were used for plagioclase, Fe Tioxides,
pyroxenes, and olivines. Major element compositions of
the experimental phases are reported in Table 3.

Mass balance between the bulk composition of the
starting material and the compositions of all phases
present in cach run has been calculated using a least-
squares multiple regression to determine phase pro-
evaluate the approach 1o hulk equi-
9

L.

portions and to
librium. Results
residual sums of

are given in Table In cach case
" the squares are acceptably low. but in
some runs the regression vields negative amounts of low-
Ca pyroxene. In the case of the runs with powdered rock
starting materials (HT80E-1 and -3) the negative values
for orthopyroxence are the result of the regression com-
pensating for non-negligible proportions of relict olivine
{armored by clinopyroxene} that is not included in the
regression. In the case of run HLCA-33 the negative
value for pigeonite { 0-016) is probably the result of
incomplete re-equilibration of the high-pressure phases
grown in the first stage of this experiment {nofe the
relatively high RSSQ in Table 2). In the case of run
HLOIL.-3 the slightly negative proportion of  ortho-
pyroxene ( 0:0079) is probably a combination of a
small analytical error and a reaction between ortho-
pyroxene and liquid to form low-Ca clinopyroxene gone
nearly to completion. Although the presence of relict
olivine and calculated negative proportions of low-
Ca pyroxene reflect incomplete bulk equilibration, it is
very likely that these runs closely approached equilibrium

Run T(°C) P (kbar) Time (h} Run products Phase proportions* RSSQ KpoPta
HT80E-1 1265 15 515 gl, cpx, plag, sp, opx, [ol] 0-697, 0.225, 0-053, 0-042 -0-018% 0-03 0-281
HT80E-4 1300 13 535 gl, gar, cpx, plag, [ol] 0.-744, 0-193, 0-046, 0-013 0-10

HT80E-5 1265 10 49.0 gl, pig. plag, aug, sp, opx, [ol]  0-676, 0240, 0-122, 0-055, 0-039, -0-135t 0-02 0-264
HT80E-6  1350/1265 13 2/92.5 gl, gar, cpx, plag 0-344, 0.342, 0-205, 0-110 0-20

HT80E-7 1275 10 24.0 gl. opx, plag, sp 0-883, 0-047, 0-044, 0-025 0-05 0279
HT/HL-1 1270 115 44.7 gl, plag, opx, cpx 0.628, 0-187, 0-094, 0-089 0.08 0-280
HLCA-25 1250 13 34.0 gl, plag, cpx, opx 0-674, 0-154, 0-136, 0-029 o-n 0.-297
HLCA-44 1175 6 48.0 gl, plag, pig 0-326, 0-433, 0-232 0-14

HLCA-53 1270/1200 11.5/6 72/116  gl, plag, opx, ol, pig 0.725, 0.194, 0-097, 0-007, -0-016 0-37 0-259
HLCA-55 1200/1260 6/11.5 67/119 gl plag, cpx, opx 0.756, 0-118, 0.082, 0-046 0N 0.279
HLOL-3 1265 11-5 49.0 gl, cpx, sp, opx 0.573, 0-402, 0-039, -0.007 0-55 0.249
HLOL-4 1300 115 235 gl, cpx, opx, sp 0-807, 0-146, 0-035, 0-014 0-14 0-289

gl, glass; ol, olivine; opx, orthopyroxene; cpx,

plagioclase; pig, pigeonite. RSSQ, residual sum of squares in regression of phase proportions. Ky

x [(Mg0)"/{MgQ)°™].

clinopyroxene; aug, augite; gar, garnet; sp, spinel; {1, relict mineral; plag.

weie — [(FeO)*®(Fe0) ]

*Weight fraction of phases in order listed under ‘run products’; where available, analyzed bulk compositions (Table 1) are

used in the regressions.

tNegative opx compensates for relic olivine that is not included in the regressions.
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!
Table 3: Composition of phases in weight percent oxides
Run Phase Pts* Sio, TiO, Al O, Cr,0, FeO MgO MnO Cal K,O Na,0 P,0. Sum
HLOL3  lig 5 476@1t  2435)  178(2) 0011 130(1)  BE7®) 012 7455 07820  388(15) 026021 988
opx 6 50111 049(9)  87B(157) D062} 14205 24470 0141 1.94(11) 0-18(1) 100.3
cpx 7 4924 08B} 974125 0073  117(3) 1685  0.1614)  10.8(4) 0.87(a) 100.1
sp 4 46036)  046l4)  62.4(7) 0-B3(41) 18B(Z) 17230 0081 0143 0-0201) 100.3
HLOL-4  lig 8 4622 197G 17.4(1) 003(3) 125(1)  780(5) 0-15(2)  86NT) 0582  308(5) 0.19() 985
cpx 18 49.(7)  0666)  BS6WN  0.08(4) 105(4) 1968  0.16(2)  9.08(87) 055(5) 983
opx 3 516(12) 03781 846215 010{2) 123} 2677 0132 2:27(7) 0-15(1) 993
sp 6 0-27(9)  0-40(13) 63.0(1.4) 151(1.05) 153(4)  19.0(5)  0-10(2)  0-10(3) 0.0101) 996
HTBOE-1 lig 6 480100  129(3)  183(N 001N 12712} 558(4) 0.15(1)  789(6) 0.60(4) 355(8 02261 983
cpx 9 4738 058(7) 123012 0020 1148 1525)  0202) N3 0.85(5) 993
opx 7 49.3(8) 0358  11:0{1.0) 15.0@3)  234(5) 022011  205(26) 0.18(2) 1015
opxt 1 529(00  0:20(0)  8.42(0) 10-30) 2830 0190  2:21(0) 013(0) 1027
ol 1 380000 0.00(0)  0-00(0) 0-04(0)  27.6(0) 362000 0240}  0.26(0) 0.03(0) 102:4
sp 6 0180101 0211 65.8(15) 0-39(36)  182(1)  17.M1 0102 007(3) 0.0101) 102.0
plag. 10 548(8) 20.0(5) 0438)  0.16(17) 11-4(6)  0.24(6)  4.98(26) 1010
HTSO0E-4 lig 5 48201 1193)  18S(1) 00101 16 577(6) 0121 B56() 0610 3626 023 983
gar 6 40215 083(1) 2391 0032 1422)  1503) 03X 6.48(18) 0-02(1) 100-8
cpx 7 47.46) 0548  13-1(B) 0022)  81B(69) 137(2)  0-14(1)  15.1(6) 1.08(5) 992
plag 12 528(1.4) 003(2)  29:5(9) 0-49(8)  0.09(3) 1230100 0215)  4.24(57) 99.6
HTBOE-6 fig 6 4723 13T 17801 002010 133(1)  609(5) 018(2)  8.44(7) 0512  3.40(8) 0232} 985
aug 10 486(8)  0.68(20) 10-101:0) 003(2)  1076)  160(7) 02031  126(9) 0.73014) 996
opx 4 497181 0451220  931(124)  0000) 1395} 2408  019(1)  204010) 0-1(2) 999
pig 1 49.700)  0-4%0)  7-96(0) 0.00(0) 140000 21800 0-23(0)  4-50{0) 0-21(0) 989
plag 11 539(1:3) 0.04(2)  293(8) 048(6)  0.09(2) 1290 02451 4.31(44) 99.6
HTBOE6 lig 8 49450  1534)  18.4(1) 00000 11N1 3818} 007(1)  645(5) 1174  521(12) 0534) 976
cpx B 4B2(4)  0.94(8)  120(7) 0-02(1)  998(74) 11.9(5]  014(3)  145(8) 1.47(6) 992
gar 5 4003 07114 225(2) 0-03(1) 17403 1242}  029(2)  6.65(11) 0.02{1) 100.0
plag 6  57.0(4)  0.08(1)  27.3(2) 0.468)  0.07(2) 9.06(20) 0-36(2)  575{14) 1001
HTBOET liq 7 468(2) 1094 180(0) 0011 122(1) 6884 0142  91UT)  040(3) 3108 0191 980
opx 6 50.0(60 0-27(3)  9.06(52)  002(1) 1243) 2503  018(1)  214015) 0-10(1) 99.1
sp 5 0.06(8) 0-19(2)  659(1.2) 0-18(8) 15220 17.203) 010N 0:07(2) 0-00(0) 980
plag 6 52104 0061  297(2) 043(10)  0-16(3) 12521 015(2)  3.99(14) 991
HTHL-1  lig 6 480N 1293 183(1) 00101 12720 558(4) 0-15{1)  7-89(6) O0.60(4) 355(8) 0226 983
opx 9 492151 038(5)  9.47(92 0126)  149(3) 234131 020(3)  205(23) 0-12(1) 998
cox 5 48818) 06512  994(97)  0.132) 11690  164(14) 0222)  10.9(18) 0-6911) 995
plag 10 54111 00000  29-3(7) 0-55(6)  0-13(2) 1808 02003)  477(62) 1008
HLCA-25 liq 6 4902 2337 166(1) 0-0M) 12401 52T6) 047N 8235) 0.62(4)  298(11) 019(2) 979
cox§ B 4BE(T)  07619) 9751820  0216) 1318  167(9) 02321  9.65(142) 0-61(10) 996
opx 5 4375)  050(5)  9.06(58  0-25() 1557  222(5) 019(3)  229(45) 0-15(2) 999
plag 10 5450100 01NN 27:8(4) 0748} 0.11(2) 10881 027(2)  4.92i26) 993
with respect to the crystalline phases in contact with  {Table 2) has a limited range of values that is ap-

liquid. For example, sample HT80E is a wroctolite, but
olivine 1s clearly not stable in any of the runs at 1013
kbar, thus demonstrating the instability of olivine in
plagioclase-saturated liquids of this general type at pres-
sures 2> 10 kbar. On the other hand, neither aluminous
spinel nor garnet is present in the starting rock material,
vet they grow readily and mutually exclusively at 10 11+
and 13 kbar, respectively. Furthermore, the Fe Mg ex-
change coeflicient (Ay)) for orthopyroxene liquid pairs
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proximately the same for isothermal experiments with
devitrified glass starting material (0-297 0-249) as it is
for polythermal experiments or those with powdered rock
starting material (0-281--0-259). These observations are
consistent with our previous work based on reversals of
plagioclase  and orthopyroxene  compositions, dem-
onstrating that sothermal experiments on devitrified glass
starting materials  produced equilibrium  phase  as-
semblages and compositions {(mantles, rims) in runs with
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Run Phase Pts* S0, TiO, AlL,O; Cr,0, FeO MgO MnO Ca0 K,0 Na,0 PO, Sum
HLCA-44 lig 4 45-8(1-1)  4.00(42) 12.201.5) 0-00(0) 20-9(1:3)  4.30{75) 0-23(2} 7-47460) 1.12(31)  3-42(82) 0-35(5) 998
pig 8 52.-0(4) 0.71(7) 3-23(47) 0-14{4) 16-9(2) 21.8(4) 0-30(2) 3-95(47} 0-16(4) 99.2
plag 4 53-8(6) 0-28(9) 28-7{4) 1.20(33) 043011} 11-6(34) 0-36(12) 4.48(8) 1009
HLCA-53 liq 4 48:1(3) 2.74(5) 15.4(1) 0-15(2} 12:7(1) 5-94(5} 0-34(1) 8417y 0-6%(9) 3-56(7! 0-40(1) 98-4
opx 16 52.9(5) 0-83(4) 4.70(69) 0-35(5) 14-2(4) 25.6(4) 0-38(3) 2.26(28) 0-15(2} 1014
pig 1 53-3(0) 0.40(0) 2.99(0} 0-28(0) 14-1(0} 26-2(0) 0.28(0} 372101 0-15(0} 1014
ol 3 38-3(0) 0-07(3) 0-10(4) 0-03() 25.7(4} 37.4(6) 0-28(1) 0-36(4) 1022
plag 7 53.5(5} 0-09(2} 30-0(3) 0-46(4) 0:-12(1) 12.4(2) 0-19(3) 4.38(15} 1011
HLCA-55 liq 5 48.8(2} 2.59(1) 17.2(M 0-14(2) 12.12) 5.56(5) 0-29(3} B.43(3) 0.67(4) 3.06(16)  0-3%{2) 99.2
cpx 3 49:-1(1-1) 0-71(4) 8.93(31) 0-24(6) 12.1(5) 17-0(3) 0-23(4) 11-6(7) 0.68(2) 100-6
opx 11 51.0(5) 0-31(13) 8.06(42) 0-26(8) 14.8(7) 24-4(2} 0.22(3) 2:20(13} 0-16(2) 1015
plag 12 54.7(4} 0-03(1) 28-8(3) 0.50(9) 0-13(3} 11.4(1) 0-20{4} 4.60(20) 100-4

Abbreviations as in Table 2. Blanks indicate element not analyzed.

* Number of spots or areas analyzed.

t Units in parentheses are 1 SD of replicate analyses in terms of least unit(s} cited.

1 Relict mineral grain.
§ Possibly two near-critical clinopyroxenes present.

> 60% liquid on a time scale of 12 days (Longhi e al.,
19931, Therefore, we are confident of the reported phase
assemblages and liquid compositions in all of the runs,
but would caution against the use of crystal liquid par-
titioning data derived from runs with <60% liquid or
from polythermal runs.

RESULTS

Although we have new data at several pressures, the
most complete set is for the HLCA series at 11-5 kbar.
Accordingly, we will illustrate these data first, and then
go on to examine the effects of pressure and composition.
The compositions of coexisting crystals and liquids from
the HLCA series at 11-5 kbar are shown in two projections
of the quartz olivine plagioclase wollastonite  (Qt
Ol Pl Woj system (Longhi, 1991} in Fig. 1. The HLLCA
series liquids have the characteristics expected of mod-
crately evolved basalts: intermediate mg-number (0-5 04}
and intermediate normative feldspar (Aby, 5,0rs). Al-
though the liquids in this figure are not saturated with
ilmenite, the compositions are projected from an menite
component {[Fe, Mg T} for the sake of consistency with
subsequent figures, which illustrate jotunitic compositions
that are saturated with ilmenite. In this figure and in
those that follow, we will try to limit the range of mg-
number and normative leldspar composition as much as
possible. ‘This means that the diagrams are a useful means
of predicting phase saturation and the nature of invariant
points for a family of compositions, but because the
liquidus boundaries shift with composition, the frac-
tionation paths of individual compositions will in general

diverge (rom the depicted liquidus boundaries [see fig. 5
of Longhi [19917]. Also, because it is not feasible to make
mg-number and normative feldspar compaosition precisely
constant everywhere even with muluple hutk com-
positions, it is inevitable that low-temperature portions
of some liquidus boundaries may have been delined with
experimental liquids having higher mg-number or more
anorthitic normative feldspar than hquids used to define
the ostensibly higher temperature portions of the same
or a related boundary. Thus it is possible that the reported
temperatures of some of the experimental liguids may
apparently violate the direction of falling temperature
inferred from the topology of the coexisting phases. In
such cases, the reader should keep in mind that the
boundary curves are not strictly isobaric-univariant, and
topology takes precedence.

Figure la illustrates the array of liquidus boundaries
saturated with augitic clinopyroxene. Projecting from the
Wollastonite (Wo = CaSi0.) component rather than
Diopside is useful when clinopyroxene (epxd is a late-
crystallizing phase in the experiments, because the Wo
projection causes less parallax dispersion of the subjacent,
clinopyroxene-absent liquidus surfaces, e.g. the olivine
(ofy + plagioclase (plag) liquidus surface projects as a
narrow band under the ol + plag + cpyliquidus boundary
curve rather than as a broad band off to the side [see
fie. 10 of Longhi (19873]. This feature makes the Wo
projection useful in representing the limits of the primary
liquidus volumes of compositions with relatively low
Wo contents. Pyroxene compositions in Fig. la plot
approximately on the trace of the Orthopyroxene (Opx =

Mg Fe],SLO) Mg-Tschermak ([ Mg Fe[ALSIO,) join.
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(b)
[Pl,llm]

oxygen units

(a) Qtz
[Wo,lim]

oxygen units

V3

11.5 kbar
+CpxX + ...

Pl

Fig. 1. Liquidus equilibria at 11-5 kbar projected into the model system olivine plagioclase wollastonite ilmenite orthoclase quartz (Ol
Pl Wo-Hm Or Quz) in terms of oxygen units, modified after Longhi (1991}. (a} Subprojection of clinopyroxene-saturated and -undersaturated
liquidus houndaries from the Wo. Or and Ilm components onto the planc OF PI Qtz. {b] Subprojection of plagioclase-saturated liquids and
erystals from the PL Or and Hm components onto the O1-Quz- Wo plane. Light contituous lines show augite-saturated and plagioclase-saturated
liquidus boundaries at | bar calculated for HLCA-like compositions {mg-number = 0-52, NAb = 042, NOr = 0-04) from the algorithms of
Longhi (19917, Bold lines show 11-5 kbar liquidus boundaries based on data from Fram & Longhi (1992) and this study. Arrows show direction
of decreasing temperature; double arrows indicate a reaction boundary. “sil” refers to silica phase  cristobalite. tridymite, or quartz. Experimental
dat: @, lg |+ aug + fpyx + plag: . bg [+ aug + {pye + sp) O. lig (Vlpyx + plagl; <, cpx; +, opx; O, opx megacryst compositions with mg-
number 2 0-70 from Emslie {1980) and Maquil & Duchesne {1984). Numbered dots are primitive magma compositions from Basaltic Volcanism
Study Project (BVSP) (1981 1 and 2, mid-ocean ridge basalt {MORB) (cols 1 and 4, table 1.2.3.3); 3 7, continental flood basalts {Svartenhuk
and Baffin Island of-tholetites, table 1.2.3.7; cols 15 and 16, table 1.4.2.1; col. 2, table 1.2.2.10%; 8 and 9, Hawaiian tholciites (cols 1 and 2, table
1.2.6.14%; 10, Gorgona basaltic komatiite {col. 9, table 1.4.2.1); 11, high-Mg ophiolite dike {col. 11, table 1.2.5.3). Shaded area is the range of
clinopyroxene solid solution. Ellipse shows the range of ¢py analyses in run HT80E-[. Dashed lines connect cacxisting phases. A, B, €. D, E
are pseudo-invariant points described in the texi. Projection equations, oxygen units:

Ol[Wo,lim) = 2(FeO + MgO + MnO 10O/ Z{Wo.llm|

PI[Wo,lim] = 8{ALO, + Na,O  K.O/X[Wo llm]

Quz[Wo,lim] = [2Si0), (FeO + MgO + MnO  TiO) 2ALO, 2Ca0  10(Na,0O + K.OW/Z(Wo,lim]

OI[PLIIm] = 2(FcO + MgO + MnO  TiO}/Z{PLlm]|

Wo[PLIIm] = 3{Ca0)  ALO; + Na, O + K,O/Z[PLlm]

Quz[PLIIm] = [28i0, (FeO + MgO + MnO  Ti0,] 2ALO, 2Ca0  10{Na,0) + K,O)/Z([PLlim]

where [Wollm] and [PLIIm] identify the main projection components, Z{Wollm| and Z[PLHm] refer w the sums of the right-hand sides of

the equations. and the oxides are mole fractions.

which crosses the base of the triangle at Olyyy:Pl;.  phase relations on the plagioclase liquidus surface. The
Figure 1b illustrates a more conventional projection from  compositions of clinopyroxene coexisting with ortho-
the Plagioclase and Ilmenite components [PLIIm| of  pyroxene (apx) and/or spinel (sp) define the limits of the
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shaded ¢pr solid solution field. Pyroxene phase relations
are rather complex for the compositions considered here:
at pressurcs =10 kbar clinopyroxenes in HLCA-like
composition appear to have a continuous {or nearly so)
range of composition between Di and Opx; whercas at
lower pressures (see below) distinct high- and low-Ca
clinopyroxenes are stable. Following the convention of
Longhi & Bertka (1996). we will refer to apparently
hypersolvus clinopyroxene as ¢px, and reserve the terms
augitc (aug) and pigeonite (pg) for subsolvus clino-
pyroxene. Where the ¢px solid solution is not continuous,
there may be two closely spaced liquidus curves mvolving
two pyroxenes for liquids with intermediate mg-number,
opx + pig + plag and pig + aug + plag. whereas for more
magnesian or more ferroan compositions there may be
only one two-pyroxene curve, opy + aug + plag (pig stable
only in plag- undersaturated liquids) or pig + aug + plag
{apx unstable), respectively |see Longhi (1991)]. 'Fo avoid
unnecessary complexity, we will depict only one two-
pyroxene liquidus curve at a time, and we will refer to
low-Ca pyroxene ({py) to signify cither opx or pig. In
Fig. 1 and subsequent figures the compositions of all
clinopyroxenes are represented with a * x 7, whereas or-
thopyroxene is marked by a ‘4"

The new data plus data from Bartels ef af. (1991} and
Kinzler & Grove (1992) constram the nature of three
pseudo-invariant points involving olivine, orthopyroxene,
clinopyroxene, plagioclase, and aluminous spinel. One is
a plag-absent of peritectic (A) g + ol = opx + cpx + sp.
The second is an ol-absent opx peritectic (B): lig + opy =
cpx + plag + sp. The third is a thermal maximum (C)
on the plag + opx + c¢px liquidus boundary where the
compositions of crystals and liquid are coplanar (note
the coplanar arrangement can be adequately depicted
only in the [PLIm| projection). Even though the cpx
compositions in runs HT80E-1 and the HT/HI-1 do
not define tight limits on ¢px solid solution (because of
incomplete equilibration of the clinopyroxene in the
charges containing natural rock powders), the data for
these runs plus HLCA-32 {Fram & Longhi. 1992) describe
three three-phase triangles with the fig corners pointing
away from Qtz. However, the HLCA-32 three-phase
triangle is nearly collapsed to the opyv + ¢py tichine. It
should be obvious, therefore, that an apparent collinearity
of coexisting pyroxenes and liquid occurs on  the
plag + opx + cpx liquidus boundary slightly to the right
of the HLLCA-32 liquid point and that a set of three-
phase triangles pointing toward Qtz must exist for liquids
on this curve to the right of the Opx Di join. The locus
of the apparent collinearity on the boundary curve is a
thermal maximum and has a temperature >1275°C
{run HLCA-32) for liquids with similar mg-number and
alkalis. Baker & Fggler {1987 {ig. 5) have demonstrated

ORIGIN O PROTEROZOIC ANORTHOSITES

the existence of this thermal maximum m melts of cale-
alkaline basalts at 8 kbar and their data are illustrated
helow.

The nature of point A is well known from other studies
{e.g. Kinzler & Grove, 1992). but may be partially inferred
by noting that in Fig. la the compositions of hquid,
orthopyroxene, olivine, and spinel describe the carners
of an irregular quadrilateral with liquid and olivine at
opposite corners. Analogously, the opx + fig reaction at
point B may be inferred in Fig. 1b by observing that the
coexisting opx and Ly compositions lie at opposite corners
of a quadrilateral with the aug and sp compositions at
the other two corners.

The array of hquidus curves constrains the crys-
tallization paths of basaltic magmas and the permissible
range of crustal melts. Intaally ol-saturated hiquids, crys-
tallizing either ol + opx 4 cpyor of + ¢px + sp. will reach
point A (Fig. la). react out olivine, and crystallize an
interval of apy + ¢px + sp before reaching point B. It is
possible that for some compositions opx will be 1n reaction
with liquid between A and B (opx + lig — cpx + 5p) 1t
should be noted in Table 2 that the proportion of
opx decreases between 1300°C (HLOL-4) and 1265°C
(HLLOL-3)

saturation with only ¢px stable. At B any orthopyroxene

so some fractionating liquids may reach plag

reacts out and further crystallization proceeds along the
cpx + plag + sp cotectic, away from the Qtz and Opx
components. In this way 1t is possible 10 produce high-
AL O, hquids (= 18 wt % ALQO,) that are also nepheline-
normative (liquids that lie to the low-sihca side of the
Ol-Di join in Fig. Ib) and a series of cumulates that
begin with either spinel wehrlite or olivine pyroxenite,
followed by spinel pyroxenite (A — B), and then spinel
gabbro. The data of Kinzler & Grove (1992} and Walter
& Presnall (1994) show that for hquids with similar
normative feldspar, but higher mg-number, all five crys-
talline phases may coexist with liquid. In these cases, three
dimensions are not adequate to represent the liquidus
boundaries as curves; and, instcad of the
lig + opx + cpx + sp curve joining the ol and plag sur-
faces, portions of the ol and plag surfaces will overlap
with a smeared-out combination of points A and B
(lig + ol + opx + cpx + sp) joining plag-free portions of
the of saturation surface 1o ol-free portions of the plag
saturation surface. The net result of these two topologies
is similar: initially o/-saturated, fractionating liquids will
eventually wind up on the slabsent portion of the plag
saturation surface. Because of the plagioclase + pyroxene
thermal divide (C), however, there is no wav for a
fractionating basaltic liquid 10 move toward the Qtz
component. Conversely, low-degree melts of crustal rocks
containing plagioclase and orthopyroxene may access a
wide range of Qtz contents. Such melts are restricted to
only the vicinity of the plag + opy + ¢px hquidus bound-
arv. which extends from high-810, granitic compositions
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at silica saturation to high-ALO,, nepheline-normative
compositions at spinel saturation.

To discuss crystallization and melting paths throughout
the crust, we must first understand how the topologics

shown in Fig. 1 change with pressure. The topologies of

the aug and plag saturation surfaces are well known at 1
bar over a range of composition (c.g. Grove & Juster,
1989; Longhi, 1991}, so intermediate topologies between
| bar and 115 kbar may be interpolated and successive
topologies extrapolated to higher pressures. Once a given
topology is recognized, its compositional and pressure
range may cven be constrained by a single key ex-
perimental datum. In this way a progression of phase
diagrams has been constructed from 1 bar to 13 kbar
and illustrated in Fig. 2 for liquids with the same general
character ({intermediate mg-number and normative feld-
spar) as those in Fig. 1. Figure 3 illustrates a similar sct
of constructions for jotunitic liquids, which have lower mg-
number (04 0-253} and more alkaline normative feldspar
{Absy 00T w). The bulk compositions of HLCA and 1]
arc plotted for reference in all panels of Figs 2 and 3,
respectively.

The progressions of topologies in Figs 2 and 3 arc
relatively similar: in the [Wo,lim] projections (Figs 2a
and 3ai the major features are the shift of the
ol + Iprv + aug + lig boundary away from the Qtz com-
ponent with increasing pressure (where fprx signifies
orthopyroxene and/or pigeonite); whereas in the [PLIm|
projections (Figs 2b and 3b) the major featurc is the shift
of the of + lpyx + plag + lig boundary away from Qtz.
In both projections the {pry and sp saturation surfaces
eventually intersect and with still higher pressure garnet
(gar) replaces spinel. At 1 bar the of + plag + Ipyy +
aug + lig pseudo-invariant point (D) is an of peritectic and
there is a thermal maximum on the of + plag + aug + lig
boundary (E) that separates liquids that may fractionate
to lpyx saturation from those that fractionate toward
nepheline saturation. By 5 kbar, point D has migrated
across the pyroxenc-plagioclase plane (the trace of
Opx Pl in Figs 2a and 3a or the Opx Di join in Figs
21 and 3b). This movement precipitates two changes:
first, a thermal maximum (C) is exposed on the
Ipyx + aug + plag + lig boundary curve where the liquid
composition appears to be collinear with those of the
coexisting Ippv and aug; and second, because  the
ol + plag + Ipvx + aug + lig pseudo-invariant point (D)
now lies between two thermal maxima, I must be a
cutectic. I the of + plag + {pyy + lig boundary is curved
as shown in Figs 2b and 3b, then the houndary curve
crosses the line of pyroxenc solid solutions at an angle,
which enables olivine to be in reaction with liquid along
the low Wo portion of the curve and to crystallize from
liquids along the high Wo portion of the boundary. Thus
at the same pressure there can be similar hiquids, differing
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only slighdy in Wo content, with very different crys-
tallization paths: one that produces marked silica en-
richment and gtz-bearing assemblages, whereas the other
produces little or no silica enrichment and ol-bearing
assemblages. These paths will be illustrated below.

By 6 kbar (Figs 2b and 3bj point 1D has overtaken the
ol + plag + aug + fig thermal maximun (E). Once it does,
the ol + plag + aug + lg thermal maximum (E) dis-
appears and the equilibrium relations at point D must
necessarily change to an opx{/pyy) peritectic {Fig. 2b, 8
kbar). With further increases in pressure, the iy and sp
fields intersect {(~10 kbar} and separate the of and plag
liquidus fields as described above, generating pseudo
invariant points A and B (sce Fig. la}. The disposition
of coexisting ¢py, opx, sp, and lig (B} compositions at 10
and 11-3 kbar in Fig. 2b is also quadrilateral and, thus,
B remains an opx({yn} peritectic. By 13 kbar garnet
has replaced spinel in pyroxene-saturated liquids on the
plagioclase surface; but none the less, the new pscudo-

’”

invariant point involving garnet (B remains an opy
peritectic. Other important shifts in liquidus boundaries
with increasing pressure include miovement of the
plag + (pyx + aug/ cpx liquidus boundary away from Wo
in the |PLIlm| projections and away from Opx in the [Wo,
Ilm] projections. The movement of the plag + prv + aug
liquidus boundary away from Opx in the [Wollm|
projections is apparently much greater in high- than in
low-silica compositions such that an inflection of the
curve occurs in the vicinity of the plagioclase + pyroxene
thermal divide.

Although these shifis in liquidus boundaries are general
features of basalts, the shifts are compositionally de-
pendent. Specifically, for liquids with higher mg-number
the boundary curves involving olivine and low-Ca pyr-
oxene project at higher Qtz contents and the iy + augite
houndary lies at higher Wo, as illustrated in Fig. 2 with
10 kbar data (dashed lines) from Bartels e al. (1991:
run H142). Consequently, the transitions in topology
described above take place at higher pressures in more
magnesian liquids and, in extreme cases, may not occur
at all. For example, the data from run H130 [mg-num-
ber(lig) = 064 of Kinzler & Grove {1992) show the
transition of point 1) from a cutectic to an gpx peritectic
occurring at 9 kbar (their fig. 1) vs at ~6 kbar lor
the less magnesian compositions of the present study,
whereas. in the CMAS system. the data of Presnall ef al.
{(1979) and Walter & Presnalt (1994) show that point ID
crosses neither the Ol Pl Di join nor the line of coexisting
opv and aug (diopside); consequently, D remains an ol
peritectic wntil spinel separates the liquidus volumes of
olivine and anorthite at 9-3 kbar. The mg-number value
of 0-64 from run H130 is a likely upper limit to the mg-
number of plag-saturated liquids at lower-crustal pressures
because ascending mantle-derived melts are likely to be
saturated only i olivine and will thus require moderate
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HLCA
{Wo,lim}

oxygen units

11.5 kbar
tcpx + ...

10 kbar
+aug + ...

3

\
Baker & Eggler, 1987

(b)

13k
3 kbar {P,lim}

oxygen units

Fig. 2. Progression of liquidus equilibria and solid solutions for HLCA-like compositions from 1 bar to 13 kbar. Projection schemes as in Fig. 1.
Light solid lines in 3 kbar panel are 1 bar liquidus boundary curves. @. g '+ aug/epy + ipyy + plagi or lig i+ of + {prx + plagi: blunted ellipses
are garnet compositions; O. lig § + (v + plagr shaded arcas mdicate estimated limits of clinopyroxene solid solution: dashed curves indicate
estimated positions of liquidus boundaries: shaded diamond. HAON 860C from Wiche i 19861; *, host dike 860C from Wiche (1985 with Fe ™/
Fe' = 0-1: otherwise svmbols as in Fig, 1. The & kbar data are from Baker & Fggler 119875 10 kbar high mg-number datacare run H142 from
Bartels ef al. 19915 rest of experimental data from Fram & Longhi 119920 and this study.
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(a) 7 kbar
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(b)

7 plag + iIm + ...
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.t oxygen units
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¢ plag +lim + ...
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plag + lim + ...

Fig. 3. Progression of liquidus equilibria and solid solutions for TJ-like compuositions trom | bar to 13 kbar. Projection schemies as in Fig. 1.
Data from Vander Auwera & Longhi {1994). All liquids are near or at ilmenite sawration. The 1 bar liquids include runs at FMQ 1 low
Quz, mg-number{figl = 0-25, and at NNO (nickel nickel oxide). high Qtz. mgnumberifigi = 0-42 0-33. The higher mg-number in the NNO
liquids produces a relative expansion of the Ipyy + fig field that is responsible for the strong curvature of the lprx + aug + plag liquidus boundary.
Diamonds are Rogaland megacryst compositions from Duchesne & Maquil (1987
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crystallization of olivine and probably pyroxene before
reaching plagioclase saturation. For example, the com-
positions of several proposed parental (il not primary)
liquids with mg-number ranging from 0-63 10 0-76 (BSVP,
1981) are shown as numbered dots in Fig. la. These
compositions include primitive MORB (1 and 2}, picritic
flood basalts (3 7), parental Hawaiian tholentes (8 and
9y, Gorgona basaluc komatiite (10), and a high-Mg ophi-
olite dike (11}, Because the ol + opx £+ cpx liquidus
houndary shifts away from the Ol component as mg-
number increases, all of these magnesian compositions
except the two MORBs will be saturated with of £ opx
+ cpy at 11-5 kbar and will evolve toward the vicinity
of point A along their respective of + apx + ¢px boundary
curves. Crystallizaton calculations based upon the pres-
surc-dependent algorithms of Longhi (1992) indicate that
the liquids derivative to compositions 3 11 at 113 kbar
will all have me-number < 0-60 upon reaching point
A. Thus, the mg-number values of compositions Tike
HLCA (0-51), "I 10-43], and those of the experimental
liquids along the plag sawration surface are consistent
with values expected of even more evolved liquids,

The two MORB compositions, which project well into
the opx tiquidus field at 11-5 kbar, represent equilibration
along the of + opy + cpx liquidus boundary at 8 9 kbar.
Thus the crystallization paths of these primitive MORBs
cannot he considered 10 be representative of mantle-
derived liquids at 11-5 kbar. However, at 8 kbar, where
these compositions do represent plausible mantle-derived
liquids, their derivatives would probably reach plag sat-
uration with sufticiendy high mg-number that D would
be eutectic-like. But with continued crystallization mg-
number would fall into the range appropriate for Fig. 2
(<0:3); and as mg-number decreased, the composition
ol D would migrate away from Qtz and Wo until it crossed
the plane of coexisting of, aug, and plag compositions, at
which point ) would become a nepheline-normative opy
peritectic  consistent with Iig. 2. Thus the differentiates
of primitive MORBs at 8 kbar would ultimately become
nepheline-normative and react out opyx, even though they
may have initially encountered cutectic-like equilibria at
D.

As liquidus boundaries are shifting in response 1o
increasing pressure, the solid solution limits of the pyr-
oxenes are expanding too as the result of enhanced
solubility’ of Al components in all pyroxenes and of
cnhanced solubility of En Fs components in cpx. An
important consequence of the increased solubility of
the aluminous components is that the location of the
plagioclasc + pyroxene thermal divide moves away [rom
the Quz component with increasing pressure. ‘Thus in
Fig. 3b this thermal divide sweeps across the T] com-
position between 10 kbar {three-phase triangles point to
the left) and 13 kbar {three-phase triangles poim to the
righty; whereas in Iig. 2b the thermal divide has not
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quite reached the HLCA point at 13 kbar. Also important
are the changes in orthopyroxene composition. In Fig. 2a
and b the experimental orthopyroxenes at 115 kbar
overtake the composition of an aluminous ey megacryst
with 8-4 wt % ALQO, from Harp Lake (Emslie, 1980
similarly, orthopyroxenes produced in the 'I'] experiments
nearly overtake the compositions of the Rogaland mega-
crysts (Duchesne & Maquil, 1987) by 13 kbar. Finally,
the hiquidus boundaries involving plag, ipry, and high-Ca
pyroxene move across the HLCA and 1] bulk com-
positions in both projections at pressures of 1113 kbar.

The only significant difference i the phase equilibria
between the HLCA and T series is in terms of clino-
pyroxene composition: at [0 13 kbar a low-Ca pigeonite
coexists with subcaleie augite and orthopyroxene along
the T plag + Ipyx + aug hquidus boundary {Ihg. 3b):
whereas a single chnopyroxene with intermediate Wo
content coexists with orthopyroxene along the HLCA
plag + opx + cpx liguidus boundary (Fig. 2b). This inter-
mediate ¢py is probably a superenitical clinopyroxene,
resulting from the intersection of the crest of the clino-
pyroxene solvus with the solidus that rapidly terminates
all aug + pig boundary curves at critical end points with
increasing pressure (Longhi & Bertka, 1996). Despite the
lower mg-number the 1] clinopyroxenes are subsolvus
hecause of their lower temperatures (~100°C lower than
HLCA), caused m part by lower mg-number and in part
by the fluxing action of TJ's higher TiO,. K,O, and
P.O, concentrations.

Finally, despite significant differences in their chemical
compositions, HLCA and "I} display remarkably similar
liquidus equilibria. Tt should be noted that at low pressure
the bulk compositions project within the plag (£ ang)
liquidus field in the [Wo] projections (Figs 2a and 3a)
and within the plag + of liquidus field i the [PLIIm]
projections (Figs 2b and 3b). As pressure increases. not
only do the hquidus boundaries shift such that the
plag + opx + cpyboundary curve sweeps across cach com-
position in both projections at approximately the same
pressure (11 13 kbar), but the gpx + ¢px ticlines sweep
across HLCA and T as well. This means that not only
arc the two bulk compositions multi-saturated in the
same pressure range, albeit at different temperatures, but
that they also lie in the plagioclase + pyroxene thermal
divide. Therefore, neither composition can be derived
by fractional crystallization of mantle-derived basaluc
magmas; but each can be produced by mehing of a
idistinct] mafic source.

DISCUSSION

Effects of H,O on liquidus equilibria
Anorthosites and associated rocks are widely believed to
have ervstallized from relatively anhvdrous magmas (e.g.
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Morse, 1982). Evidence is both direct and indirect: am-
phibole usually appears only as a late-stage replacement
mineral; thermometry on ternary {eldspars in associated
mafic intrusions indicates only modest depression of the
dry liquidus (Fuhrman ef af., 1988); typically there are
no hydrothermal deposits or vein systems; and contact
metamorphic aureoles characteristically reach the gran-
ulite facies with anhydrous assemblages (e.g. Berg, 1977).
Nevertheless, water can have dramatic effects on liquidus
equilibria, so it is wise to look for evidence of its effects.
A number of recent experimental studies involving melt-
ing of mafic materials in the range of 3 7 kbar and
Py < P show that even modest amounts of water (as
little as 2 wt % at 5 kbar) produce high-SiO, liquids
{Baker & Eggler, 1987; Beard & Lofgren, 1991; Springer
& Seck, 1997). Conversely, Figs 3b and 4b predict a
eutectic-like nature for D and stability of the plagioclase
+ pyroxene thermal divide at 5 kbar, both of which

should inhibit silica enrichment. The Quz content of

point D will increase with decreasing anhydrous pressure,
causing D to become an of peritectic and eliminating
the plagioclase + pyroxene thermal divide. Thus lower
pressures of crystallization should enhance the potential
for silica enrichment in evolved liquids. Increasing H,O
content in /ig at constant pressurc has a similar effect, so
lack of silica enrichment at 3 or 4 kbar places even
stronger restrictions on the permissible amount of dis-
solved water. As will be discussed shortly, limited silica
enrichment is observed in several massifs that crystallized
at < 5 kbar; and in those cases where extensive fractional
crystallization does lead to silica saturation, the paucity
of amphibole in evolved rocks attests to relatively low
H.O in the parental liquids. Thus there is little evidence
of water exerting an important control on erystallization

Processes,

Megacrysts and their parent magmas

The close correspondence of 1013 kbar experimental
orthopyroxene compositions and those of highly al-
uminous {7 9 wt % ALO,) opx megacrysts (HAOM) in
Figs 2 and 3 is good evidence for a high-pressure (10 13
kbar} origin for these large crystals. At the same time,
various geobarometric techniques have yielded much
lower pressures, Lc. 3 5 kbar {Ashwal, 1993), for the
crystallization of the anorthositic massifs, thus forming
the basis for polybaric models in which the megacrysts
are rafted by plagioclase-rich suspensions from the depths
where they formed to magma chambers in the upper
crust {e.g. Duchesne, 1984; Emslie, 1983). Yet, many
megacrysts have ALO; concentrations in the range of
4 6 wt % and 1t is not clear whether these compositions
represent primary crystallization or re-equilibration. In

(a)
{P1,lim}
Harp Lake

DI

high-Al gabbros (HA(;)' ..
ol Opx y 3 * —* ":f}b' Qtz
(b) -4 kbar AdmO .’3”
{PL,Iim} L '

Rogaland plag + fim + ...

H-H:
0.7035/ +4.4

0.7066/-0.6 E-O:
0.7033/+4.8
0.7041/4+3.7

Fig. 4. Crystallization paths of anorthositic and mafic magmas at [a]
Harp Lake and (b} Rogaland. Projection schemes as in Fig. 1h. (al
LAG, average low-Al gabbro; FD, average ferrodiorite; Gr, average
granite; Adm. average adamellite: [, ferrodiorite compositions pro-
jected from PL I, Apa and Mgt components. All rock data from
Emslic {19805, Heavy cross is 5 kbar experimental opy as in Fig. 2.
Paths x, v and 2 show range of mafie crystallization sequences: y and
2 also show two major low-pressure anorthosite crystallization paths.
ibi M. Bjerkreim Sokndal (Bk Ski and Hidra chill margins from
Duchesne of al. (1989 @, Bk Sk chill margins from Wilson e al.
(19921 adjacent numbers are initial “Sr/™Sr ratios (Demaiffe ¢ ol
1986; Robins ¢ al., 1997}, Large arrows are anorthosite crystallization
paths at low pressure; adjacent numbers are initial FSr/*Se ratios and
£y (Demaiffe o al. 1986; Menuge. 1988 small arrows are mafic
fractional erystallization paths. E-O: Egersund Ogna body: H-H: Ha-
land Helleren body,

Fig. 3, which is based on experiments from one com-
position ('L]), opx compositions show a progressive in-
crease in Mg-"T's component (hence Al Q) with increasing
pressure, and opx from the I} experiments just reaches
the range of Rogaland HAONM compositions at 13 kbar.
In Figs 1b and 2b, however, it is clear that opx coexisting
with plag, cpx, and lig has a range of Mg-Ts contents at
constant pressure depending on liquid composition. Thus
opx coexisting with /ig at the Jow-Qtz end of the opx + aug/
cpx + plag boundary curve (D - B — B} reaches the
field of HAOM compositions by 6 kbar (Fig. 2) and
moves past the HAOM field by 13 kbar; whereas opx
coexisting  with  liquids  close  to  the plagioclase
+ pyroxene thermal divide (C) has lower Mg-T's contents
and reaches only the center of the HAOM field by 13
kbar. Predictably, opx coexisting with fig on the opy + aug/
¢px + plag boundary curve at silica saturation will have
still lower Mg-Ts contents. Thus there s an intrinsic
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uncertainty in estimating pressure from HAOM com-
positions alone, whether the means be graphical or by
algorithm (e.g. Emslie e al., 1994}, and the best one can
do is to estimate a minimum pressure, i.e. the pressure
at which the composition of the most aluminous gpx
sweeps across the HAOM composition of interest. The
range of minimum pressures for the HAOM compositions
plotted in Fig. 2b is thus ~6 kbar for the least aluminous
HOAM 10 ~10 kbar for the most aluminous (8-3 wt %
ALO;) HAOM.

The one exception (o this large uncertainty is a case
where the liquid composition is known. Wiebe (1985,
1986) described nepheline-normative Proterozoic dikes
from Nain containing HAOM as separate, anhedral
crystals and as parts of nodules intergrown with plag.
One of these HAOAN compositions with ALO; 62
wt % and mg-number = 0:74 [shaded diamond; and its
host dike composition (asterisk] are illustrated in Fig. 2.
Wicbe (1986) argued that comparison of Cr and in-
compatible element abundances in the HAOM and the
dike matrices indicates that the HAOM crystallized from
more primitive liquids. This argument is consistent with
the projections which indicate that at no pressure is the
liquid composition close to opy saturation. However, at

pressures >6 kbar this liquid could easily have frac-
tionated from liquids that had rcacted gpy out at D or B
or B’ depending on the pressure. If the parental liquids
of the HAOMI were less differentiated relatives of the
host dikes, then it is reasonable to assume that HAOM
crystallized from a liquid close to the low-Qtz end of the
opx + aug/epx + plag liquidus boundary. In this case the
true pressure estimate would be equivalent to the max-
imum pressure estimate. At 6 kbar the most aluminous
experimental gpx has not yet reached the HAOM com-
position, whereas at 10 kbar the most aluminous opx is
well past the HAOM composition. This progression yields
an estimate of 8 + 1 kbar for the minimum crystallization
pressure, which in this case is possibly the actual pressure.

Crystallization of anorthositic and related
magmas at Harp Lake and Rogaland

There is little direct evidence of crystallization pressure
in anorthositic rocks themselves; however, application of
various geobarometers 10 mineral assemblages in contact
metamorphosed country rocks {e.g. Berg, 1977; Jansen
ef al., 1983) and in associated mafic intrusions (e.g. Kolker
& Lindsley, 1989; Vander Auwera & Longhi, 1994) in
most cases vields pressures in the range of 3 5 kbar.
There is now emerging a combination of field and
geochemical evidence that various Fe-rich dioritic to
monzomtic bodies ranging in size from small lenses to
small layered intrusions formed by segregation of liquids
residual to the ervstallization of the anorthosites (e.g.
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Owens of al., 1993; Mitchell et al. 19965 The crys-
tallization paths of these intrusions combined with the
pressure constraints provide important limits on the com-
positions of the liquids in the later stages of anorthosite
crystallizanon. Other, evolved intrusive bodies, ¢.g. the
Rogaland dikes (Duchesne ef al.. 1989 have been shown
to be plausible differentiates of more primitive mafic
bodies intruded at the same level as the anorthosites
fVander Auwera et al., 1998). These primitive mafic
bodics not only have the same minerals as the anor-
thosites, but overlapping mineral compositions and in
some cases similar crystallization patterns, Examples of
such bodies include the Maloin Ranch and Greaser
plutons in the Laramic Complex of Wyoming (Kolker &
Lindsley, 1989: Mitwchell o af, 1996) and the Hidra
and Bjerkreim Sokndal bodies in Rogaland. Norway
(Demaiffe & Hertogen, 1981 Duchesne. 1987: Wilson ef
al., 1996). It must be emphasized, however, that massif
anorthosites are complex, composite intrusions typicalty
involving several parental liquids. so individual mafic
bodies may not display the crystallization patterns seen
in the associated anorthosites. :

Figure 4 is an attempt to portray the crystallization
patterns of both the mafic rocks and anorthosites from
the Harp Lake and Rogaland massifs at the final level
of emplacement. In cach case a set of + kbar liquidus
boundaries has been interpolated from the diagrams m
Figs 2b and 3b. For the HLCA series [Fig. 4a) the liquidus
boundaries are drawn such that the o/ + Ipyy + aug
+ plag + liy pseudo-invariant point (D) is-a cutectic,
whereas the of + ipvx + plag + lig houndary is a reaction
curve with of reacting with fig. The of + v + plag + lig
boundary curve crosses the plagioclase + pyroxene ther-
mal divide (dotted line in Fig. 4a). Thus there are some
high-Al gabbroic liquids with relatively low Wo com-
ponents that may cross the trace of the divide in the
ol + plag field and subsequently crystallize fpyy + plag +
aug en route 10 eventual saturation with a silica phase,
even in the absence of water. Liquids with higher Wo,
which reach the of + ipyx + plag + lig boundary curve
on the low-silica side of the thermal divide may still react
of out in favor of {pra. However, progress toward silica
saturation is thwarted by the plagioclase + pyroxene
thermal divide, which forces such liquids to crvstallize
aug after apv and then reprecipitate of at the eutectic D. In
Fig. 4b the efleets of higher concentrations of alkalis in
the 1] series overwhelm the effects of lower mg-number
and shift the of + Ipyx + plag + fig boundary curve en-
tirely to the high-Qtz side of the pyroxene join rendering
the thermal divide metastable and constraining pseudo-
invariant point I to be an of peritectic.

Harp Lake

Figure 4a shows some of the compositional relations at
Harp Lake. Emslic (1980} reported  that the bulk of
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the plagioclase-rich rocks are cither plagioclase + olivine
cumulates, in which orthopyroxene commonly rims oli-
vine, or plagioclase cumulates with interstitial ortho-
pyroxene; orthopyroxene + plagioclase cumulates are
present, but rarc; and plagioclase + augite cumulates
have not been observed. These features indicate magmas
that project either in the of + plag or the lpyx + plag
liquidus fields. These features also require that of reacts
along the of + lpyx + plag + lg boundary curve. How-
ever, the textures of the noritic anorthosites suggest
that plagioclase was the sole liquidus phase, so that the
parental liquid did not acquire its high Qtz component

by differentiation of a troctolitic liquid near the level of

emplacement. The presence of the plagioclase 4+ pyr-
oxcne thermal divide is problematical because Emslie
{1980) did not describe the reappearance of ol as a
residual phase in leuconoritic rocks, whereas he did note
minor quartz in the matrices of some gabbroic rocks.
Emslie (1980) suggested that high-Al gabbroic {more
properly ‘gabbronoritic” or ‘noritic’) magmas (HAG) simi-
lar in composition to HLCA (Fig. 4a), were parental to
the anorthositic rocks and the low-Al gabbros (LAG).
As described above, with the of + lpyx + plag boundary
curve crossing the trace of the pyroxene join as is in
Iig. 4, HLCA can satisfy the crystallization paths of the
troctolitic anorthositic magmas (y) and fractionate to
low-Al gabbro as well because of the influence of the
plagioclase + pyroxene thermal divide; whereas a slightly
more Qtz-rich composition can yield the noritic anor-
thosites (z). No equivalent to path x (troctolite — olivine
gabbro) has been reported among the anorthosites.

Even more cvolved than the low-Al gabbros are the
ferrodiorites, which contain abundant oxides and apatite.
Although Emslie (1980) did not identity the various
opaque minerals, similar rocks in other localities typically
contain a titanomagnetite as well as ilmenite (Vander
Auwera ¢f al., 1998). Therefore, we have projected these
compositions from apatite and magnetite components,
as well as plagioclase and ilmenite, to minimize the eflects
of accumulation of these phases. As a result of a different
projection scheme plus lower mg-number, the liquidus
houndaries drawn in Fig. 4a are not appropriate to the
ferrodiorites; however, the position of the thermal divide
remains relevant, The compositions of the ferrodiorites
accupy an irregular-shaped area with two lobes: one sits
astride the plagioclase + pyroxene thermal divide; the
other prominent lobe extends toward granitoid com-
positions. This second lobe is presumably the locus of
the Ipyx + aug + plag liquidus boundary for these com-
positions. It is thus possible that there are at least two
types of ferrodiorite: one derived from liquids close to
the LAG composition that were prevented from evolving
toward Qtz by the thermal divide; the other from liquids
on the high-Qtz side of the thermal divide. In the latter
casc, the parental liquids may have derived from a
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troctolitic parent with low-Wo (dashed portions of the z
trend), or from a parent similar to HLCA but with higher
H,O content, or from a primary liquid with intermediate
composition (solid portion of the z trend).

Finally, the field of the ferrodiorites stops far short of
the compositions of the average adamellite (Adm) and
granite (Gr) in Fig. 4a, which have far more extensive
outcrops than any of the mafic rocks (Emslie, 1980). The
gap in composition between the ferrodiorites and granitic
rocks [discussed in some detail {or the Namn Province by
Emslie e al. (1994)] is readily explicable if the
plagioclase 4+ pyroxene thermal divide is stable: most
liquids derivative to the high-Al gabbros will either be
trapped on the low-Q1z side of the divide or ‘perched’
in the divide itself; even liquids with sufhiciently low Wo
or high H,O to breach the divide in the of + plag field
will none the less require relatively large amounts of
crystallization 1o reach silica saturation because of the
orientation of the opx fig ticline and the small com-
positional contrast between crystals and liquid when
orthopyroxene begins to crystallize. In addition to the
difficulty in producing granitic liquids by fractional crys-
tallization of anhydrous mafic magmas, there is also the
fact that the volume of granitoids at Harp Lake 1s much
greater than that of the mafic rocks. Both obscrvations
are consistent with the arguments made by Emslie ef al.
(1994) that the Nain granitoids were produced by distinct
cpisodes of crustal melting.

Our analysis lends further support to the proposals by
Emslie (1980) and Fram & Longhi (1992) that a high-Al
gabbro composition was parental to Harp Lake, but we
do not imply that any single pulse of magma or even
single composition generated all of the anorthositic rocks,
gabbros, and ferrodiorites. High-Al gabbros formed from
magmas that reached the intrusion level as mostly liquid,
whereas the leucocratic rocks formed from magmas that
intruded with as much as 70% plagioclase suspended in
at least two different high-Al gabbroic liquids (Longhi et
al., 1993); and ferrodiorites may have formed as de-
rivatives of cither the anorthositic or gabbroic magmas.

Rogaland

The situation in Rogaland is somewhat different from
that at Harp Lake. There are three distinct, apparently
diapiric anorthositic massifs [Egersund- Ogna (E-O), Ha-
land -Heleren (H H), Ana Sira (A-S)] plus a large layered
mafic intrusion [Bjerkreim-Sokndal (Bk-Sk)] (Duchesne
& Michot, 1987). The anorthositic rocks appear more
uniform mineralogically than at Harp Lake  plagioclase
and orthopyroxene in varying sizes, shapes, and pro-
portions being dominant with minor oxides only in H-H
and A S—but in the Egersund- Ogna massif there is a
cryptic geographical variation in plagioclase composition.
Plagioclase crystals from the center of this massif have
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compositions that cluster independent of size or texture
in the range of Any, ;5 with Sr concentrations in the range
of 800 1100 ppm. There are two typical crystallization
sequences at the level of emplacement of the three massifs,
represented in part hy the large arrows in Fig. 4b: one
is plag, plag + opx, plag + opx + ilm with augite apparently
absent (E-O); the other is plag, plag + ilm, plag + pig + im
(H H, A S). A sequence similar to (H H, A-5) with
augite appearing late (path y) is observed in the lower
macrocyclical units of the adjacent Bk-Sk layered in-
trusion (Wilson et al., 1996). The upper Bk Sk macro-
cyclical units (I, IV} display a crystallization sequence
similar to that illustrated for the T’} composition in Fig. 4b
(path x), in which olivine reacts to form orthopyroxene
and ilmenite with augite appearing late. Previously,
Vander Auwera & Longhi {1994) showed that TJ was
similar to, but slightly less primitive than the magma
parental to the upper Bk Sk macrocycles. A comparison
between phases from the high-pressure experiments on '}
and the E O megacrysts suggests that a liquid generally
similar to TJ was parental to the E O anorthosites. At
14 kbar, where 1] is cosaturated with opx and plag, the
liquidus opx contains 7-1% Al,O; and 410 ppm Cr with
mg-number = 0-69, and the coexisting plag is Any, and
contains 1140 ppm Sr (Vander Auwera ¢t al., 1993). Both
opx and plag compositions are similar to, but less primitive
than typical megacrysts (opx: 7 9% ALQO,, 600--900 ppm
Cr, mg-number = 0-77 0-39; plag: An,; 5, 800- 1100
ppm St) from the center of the E O massif (Duchesne
& Maquil, 1987). Although Cr in the high-pressure opx
falls well below the range of Cr in the megacrysts, it
should be noted that the T] Cr concentration lies in the
center of a range in Cr concentrations from the various

Bk Sk chill margin samples that varics by a factor of

four (Duchesne e al., 1989; Robins et al, 1997), so
postulating a jotunitic magma with Cr content greater
than TJ is certainly plausible. Furthermore, the com-
positions of plagioclase from the central portion of the
E O massif overlap those from Bk Sk in terms of Na,
K, Ba, and Sr, yet are distinct from those of modern
basalts as well as those from Precambrian layered in-
trusions such as the Bushveld and Sullwater (Duchesne
& Demaiffe, 1978; Emslie, 1985). So it is reasonable to
conclude that jotunitic magmas, similar to ‘T]J, but with
higher mg-number and Cr, were parental not only to the
Bk Sk intrusion {path x in Fig. 4b) but also to the opx
megacrysts and much of the plagioclase in the central
portion of the E- O massil. As more data come available,
it may turn out that TJ and the parental liquid of the
upper Bk Sk macrocyctical units were more similar to
the H- H and A S parental liquids, whereas the parental
liquids of the lower Bk- Sk macrocyclical units were more
similar to the central E~O parent liquid. The absence of
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primary olivine in the anorthosite massifs and the init-
ation of the noritic {lower) Bk Sk macrocycles by pla-
gioclase accumulation (pC) argue for parental liquids,
saturated only in plagioclase, that acquired their relatively
high Qtz components below the level of emplacement {y
in Fig. 4b). Thus in Rogaland there were hoth troctolitic
and noritic parental liquids, and all of these liquids
were jotunitic, but only the noritic liquids produced
anorthositic intrusions.

Initial ¥’Sr/™Sr-isotope ratios (4.} and €y, are shown
for the E O opx and plag megacrysts (0-7033/ + 46,
0-7041/ +3-7; Demaiffe e al., 1986) and H H anor-
thosites (0-7033/ +4-4, 0:7035/ 405 Menuge, 1988)
are shown in Fig. 4b, as are L, ratios for various chill
margins of associated mafic intrusions (squares and circles)
As in other complexes, the megacrysts have the most
isotopically primitive compositions (e.g. Ashwal, 1993
and there is an obvious correlation of weakly increasing 4,
with more strongly decreasing €y among the anorthosites,
which is generally agreed 10 be the result of crustal
contamination following accumulaton of plag with high
Sr and low Nd concentrations. Given the size of the
massifs and their intrusion as heavily crystalhine masses
(Duchesne, 1984}, most of the contamination must have
occurred before emplacement. Among the Bk Sk chill
margin samples (filled circles; Robins e al., 1997)
generally increases as Qtz content increases and Wo
decreases, which is consistent with progressive high-
level granitic gneissic contamination of the Bk Sk parent
magmas. Wilson el al. (1996) have also documented
progressive Sr-isotopic contamination within the Bk--Sk
intrusion (0-7049 0-7085). There are no Nd-isotopic data
available for Bk Sk, but £y, varies from 03 1o 2:7
the chill margin samples (the five circles with the highest
1z component in Fig. 4b) reported by Robins e al.
{1997) with no apparent covariation with A, The most
significant features of these data are that (a) the most
isotopically primitive anorthosites have compositions
overlapping those of both the plagioclase and ortho-
pyroxene megacrysts, and (b) the most isotopically
primitive Bk Sk chill margin composition (/"’St/"Sr =
0-7040) is in the range of the megacrysts and most
primitive anorthosites. Given the likelihood that the
megacrysts reflect high-pressure  processes, the anor-
thosite and Bk Sk parental liquids thus reached relatively
high Qtz and low Wo contents at high pressures, enabling
them to crystallize opx at lower pressures without extensive
assimilation of a granitic component.

Survey of anorthositic and related magmas

From the previous discussions it should be clear that
despite large differences in isotopic composition and even
some  significant  differences in minor element con-
centrations {Ti, K, P} the overall pewrological characters
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of the magmas parental to the Harp Lake and Rogaland
massif anorthosites are similar: the troctolitic -noritic and
noritic mineralogics require liquid compositions with
relatively low Wo and moderate Qtz contens. In Fig. 5
we explore the relation between composition and phase
equilibria for a wider range of complexes. Figure 5a,
which emphasizes crystallization at the level of em-
placement, depicts crystallization paths from various
anorthositic massifs as large arrows. Pointed tips show
the direction of further crystallization; blunt tips indicate
magmas in thermal divides. Also shown are the com-
positions of some potentially parental mafic rocks. Two

fcatures are important. First, the crysallization paths of

many of the anorthosites are consistent either with par-
ental liquids (i.e. the beginnings of the arrows) that project
near HLCA and 'I] in the high-pressure locus of the
plagioclase + pyroxene thermal divide or with more no-

ritic compositions that project to the high-Qtz side of

the divide. This feature, along with the presence of the
highly aluminous opx-megacrysts, which tes the anor-
thosite parent magma to an episode of high-pressure
crystallization, prohibits derivation of the parental
magma at depth from an ceven more primitive liquid
with significantly lower Qtz content. The second feature
is the wide array of mafic compositions {tick marks show
the displacement of the projection points caused by
removal of 10% of the Fe as ferric), some of which are
obviously not parental to the bulk of the associated
anorthosites. Perhaps the best example is the Kiglapait
intrusion (Az) in the Nain province of Labrador, which
has extensive accumnulations of troctolite overlain by
olivine gabbro that contains no primary low-Ca pyroxene
(Morse, 19793, The parental liquids to such sequences
of cumulates should logically project well within the
ol + plag liquidus field on a line between the Ol com-
ponent and the thermal maximum on the o/ + plag + aug
liquidus boundary (compare the blunt-ended arrow in
Fig. 5a); and, indeed the chill margin composition of
Nolan & Morse (1986) does plot close to this thermal
divide. However, no anorthosites with comparable min-
eral paragencses have been reported in the Nain region
{c.g. Ranson, 1981; Xue & Morse, 1993). Interestingly.
though, the Kiglapait crystallization sequence is stmilar
to that described in the central dome of the Laramie
Complex (LaC)y by Frost et al. (1993).

Some of the fine-grained high-Al gabbroice dike com-
positions from the Greaser (and Strong Creek) intrusions
at Laramic {Mitchell ef al., 1993) also project close to
the olivine + augite + plagioclase thermal divide, as do
dikes from the Newark Island intrusion (Wiebe & Snyder,
1993), and the Hettasch chill margin (Berg, 1980), al-
though crystal accumulation may have compromised
these compositions somewhat.
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Fig. 5. Comparison of rock, parental magma and potential source
compositions. (¢} Schematic plagioclase liquidus surface at 3 5 kbar.
Open arrows indicate inferred crystaltization paths; blunt ends indicate
magma perched in or trapped by a thermal divide; dotted portions of
the arrows indicate greater ranges of composition for some of the listed
localities. Abbreviations (italics, mafic intrusion; plain text, anorthosite:
Ay, Kiglapait: Gr. Greaser; M, Newark Island: Ht, Hewaschy SBLN
Slam Bang Leuconorite; Bk-5k, Bjerkreim Sokndal: LaC. Laramice
central dome; LaN, Laramice northern dome; N, Nain; HL. Harp Lake:
Lv. Labrieville; Ad, Adirondacks; Mi, Michikamau: R, Rogaland: L8]
Lac St Jean. Short lines attached 1o symbals show the effect of removing
10% of the otal Fe as ferric. Dashed curves are the traces of the
iy + aug + plag cotectics at 10, 11-5 and 13 kbar from Fig. 2b. Sources
of data: Michikamau, Emslie {19705 Mt Lister dikes, Emslic of al.
(194941 Newark Istand intrusion, Wiche & Snvder {19935 Kiglapait.
Nolan & Morse (19860 Greaser dikes. Mitchell et al. [1995); Lyngdal
hvperites, gabbranorites, Demaiffe of af. (1990 Hettasch, Berg (19801
Harp dikes, Mevers & Emslie (19771, (b} Plagioclase liquidus surface at
11-5 kbar from Fig. 2b; thermal divide is constructed from opx + aug
tielines from 5 to 113 kbar. Large filled symbols from Rudnick &
Fountain {1995 table 6: MX, mahc xenoliths: ArMT, Archean mafic
terrancs; pArMT, post Archean mafic terranes: IX. intermediate xen-
oliths: ArIT, Archean intermediate terranes. Small filled squares. av-
erage leldspathic granulitic xenoliths from Emslie ¢f af. {1994) table 6:
AZ, Arizona; QU Queensland; MX, Mexico; NM. New Mexico; ML
Massif Central: ¢, St is bulk composition of the Stillwater Banded
Zone, Hess 119600 Shaded area, constructed from Fig. 2b, shows
plagioclase-saturated liquids that may coexist with apy containing =8
wit P ALOY.

Greaser (Laramie)

There are several compositions involved in the Greaser
intrusion. Frost ef al. (1993) described layers of olivine
gabbronorite, gabbronorite, and ferrogabbro, but no
troctolite in the Greaser intrusion. This description is
generally consistent only with the Greaser dike com-
posiion  {open  box) that projects the
ol + Ipyx + plag liquidus boundary (the reappearance of
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Fe-rich obivine without quartz in the residua of some
{errogabbros is an indication that alter reacting out olivine
the liquid was blocked from silica enrichment by the
plagioclase + pyroxene thermal divide). The Greaser
composition with very high Ol content probably reflects
olivine accumulation, but the cluster of three dike com-
positions close to Kiglapait chill margin are probably
very similar (o the liquids parental to the anorthosites of
the central dome described above.

Newark Island (Nawn)

The three Newark Island dike compositions are from
rocks that contain hornblende and biotite, but no olivine,
despite their being obviously olivine-normative (Wiebe
& Snvder, 1993). None the less, the compositions are
generally consistent with the cumulate sequence of troc-
wolite followed by olivine gabbro with minor late-stage
gabbronorite, as suggested by the open arrow. However,
the straugraphic sections presented by Wiebe (1983,
1988) suggest 30 40% troctolite crystallization rather
than the ~20% predicted from the projection points in
Fig. 3a, thus supporting the existence of a parent magma
with even lower Wo than the dikes.

Hettasch (Nawn)

The Hettasch chill margin composition (Berg, 1980)
apparently reflects olivine {+ plagioclase} accumulation
{supported by comparison of most magnesian olivine in
the intrusion Fos, with a calculated Foy, liquidus olivine
for the composition). The proximity of the Hettasch
point (O} to the Ol component makes its predicted
crystallization sequence especially sensitive to small ana-
Iytical errors or non-isochemical alteration. Berg (1980
described a thick cumulus sequence of troctolite overlain
by gabbronorite, which suggests a parental liquid pro-
jecting approximately on a line between OI and the
pscudo-invariant  point  this requires a small  dis-
placement of the composition toward the Qtz component.
As removal of about 30% troctolite component is needed
to make the liquidus olivine of the chill margin com-
position equivalent to those observed in the intrusion,
the Hettasch parent liguid (tip of the small arrow) should
project approximately in the center of the of + plag |-
quidus field, close o and to the right of the Kiglapait
chill composition.

Although neither the Newark Island nor the Hettasch
crystallization sequence is prominent among the anor-
thositic rocks of Nain (Morse, 19823, the major sequence
in anorthositic rocks of the northern dome (LaN) at
Laramie { Frost et al., 1993), where ol 4+ plag accumulation
gives way 1o of + plag + aug + Ipyx. is similar to that of
the Hettasch, whereas the Newark Island sequence 1s
apparently transitional between those of the northern
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and central domes at Laramie. Thus, although the pre-
dominant parental magma of massif anorthosites appears
to be troctolitic noritic, it is evident that troctolitic
gabbroic magmas with lower Qtz contents also formed
anorthosite massifs. What all these magmas seem to have
in common is low Wo content, which leads to extensive
intervals of of + plag crystallization in hiquids with low to
intermediate Qtz and extensive fpry + plag erystalhization
in liquids with higher Qtz, but only in the Laramie
Complex have the magmas with lower Quz contents
formed major anorthositic units. Thus the hquids that
formed the more primitive mafic intrusions have much
the same range in composition and crystallization order
as the liquids entrained in suspensions that formed the
anorthositic rocks. Notsurprisingly, both groups of liquids
have similar lines of descent (Vander Auwera of al.. 1998;
and determining the parentage of highly evolved rocks
within the complexes may accordingly be difhcult.

Lsotopey

Although the Harp Lake and Rogaland massifs do mot
encompass the full range of petrological and structural
variation in Proterozoic anorthosites. they none the less
span a sufficiently wide range of variation that both
common ground and differences are likely 1o be char-
acteristic of the group. For example, most massif anor-
thosites are either noritic or troctolitic norttic {Ashwal,
1993)
mineral (Frost of al, 1993). is a notable exception. Also,

Laramic, where augite is the dominant mafhe

differences in the range of €4y correlate with basement.
For example, &g = 3 1o
lake, which is situated in Archean terrane, whereas
ey = 0 10 +3 in Rogaland. which is sitwated
Proterozoic terrane (Demaiffe ot al,, 1986). This cor-

6 in anorthosites at Harp

relation of £y, with basement is characteristic not only
of the massifs as a group (Ashwal & Wooden, 1983). but
also of individual provinces where anorthositic intrusions
span major tectonic boundaries (e.g. Nain, Emslie ef al.,
1994; Laramic, Mitchell ef al., 1993). Within complexes
megacrysts of pyroxene and plagioclase tend to have
among the lowest 4, ratios and highest £y, values {De-
maiffe ef al., 1986; Ashwal, 1993: Scoates & Frost, 1996).
There also appears 1o be a widespread pattern of ey,
being typically higher and /, being lower in troctolitic
anorthosites than in associated noritic anorthosites {Ash-
wal, 1993; Wiebe, 1994). Where there are extensive data
available (e.g. Nain, Emslie ef al., 1994: Laramic, Scoates
& Frost, 1996 there is an overall negative correlation of
L, and g, indicating a mixing process between a local
basement component (high £, and low &£y and another
more  primitive  component. Scoates & Frost (1996}
showed that the entire range in Nd and Sr sotopic
composition at Laramic can be accounted for by mixing
only 10% Archean basement with the most isotopically
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primitive high-Al gabbro. Similarly, it can also be shown
that the entire Nd isotopic range in Nain can be accounted
for by mixing <20% Archean basement with the most
primitive mafic composition listed by Emslie ef al. (1994).
Even the most extreme examples of a primitive com-
ponent, however, fall short of unambiguous depleted
mantle values (£, < 0-7030, exq > +55 at ~1 Ga).
Emslie et al. (1994) suggested that the primitive component
is enriched mantle; but crustal components can satisfy
the constraints equally well (Demaiffe ef al., 1986; Owens
et al., 1994).

There are numerous examples of conflicting major
element and isotopic trends that collectively suggest that
most of the isotopic mixing occurs at depth. For example,
at Laramie there arce cxamples of apparently local pro-
gressive contamination of individual anorthosite in-
trusions {e.g. Poe Moumain, Scoates & Frost, 1996},
which suggest assimilation following emplacement, but
the observed variations form only a small part of the
isotopic array for the complex. On the other hand, high-
Al gabbros span the entire range of £y at Laramie with
litde change in major element composition (Mitchell ef
al., 1995); whereas among the anorthosites the highest
normative An contents (50-553) are observed with both
the lowest (0-7042° Poe Mountain) and the highest
{0-7055— Snow Creck) I, ratios (Scoates & Frost, 1996).
Similarly, Owens et al. (1994) showed a clear positive
correlation between £, and normative An in anorthosites
from Labrieville, St Urbain, and Morin. These ob-
servations suggest that most of the isotopic mixing oc-
curred before emplacement of the anorthositic magmas
with only subtle effects on the major element composition
of the parent magmas. There are, however, no firm
isotopic constraints that distinguish between assimilation
at depth by a mante-derived magma and melting of
mixed sources. So other lines of evidence are needed.

High-pressure phase relations

The fact that parental compositions such as HLCA and
1] lie in or near a thermal divide at the pressures where
they coexist with two pyroxenes and plagioclase implies
not only that their source regions consist of these minerals,
but also that the source compositions project in or near
this thermal divide. The same constraints do not apply
to the low-Qtz mafic liquids that formed the Kiglapait,
Hettasch, and Newark Island mafic intrusions, the
Greaser dikes, or the Laramie anorthosites. Indeed, con-
sidered in isolation such liquids might reasonably be
interpreted to be unusual varieties of mantle-derived
liquids. None the less, their parental liquid compositions
project on or close to the traces of the 10-13 kbar
plag + ipyx + aug/ cpx liquidus boundaries (Fig. 5a), so
these compositions are also consistent with meltiing of

mafic sources- but sources with lower Qtz contents than

l
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that of the thermal divide. Probably these lower Qtz
contents are produced by some aluminous spinel that
formed during subsolidus reaction of olivine and plagio-
clase and is exhausted during melting. Similarly, noritic
parental magmas project on the traces of the 10-13 kbar
plag + lpyx + aug/ cpx liquidus boundaries on the high-
Qrz side of the thermal divide. Such magmas are con-
sistent with melting a plag + lpyx + aug/ cpx source that
contains a few percent quartz.

Olson & Morse (1990} and Wiebe (1994} have called
attention to ‘regional Fe Al magmas’ parental to mafic
rocks that are probably, hut not so obviously, related to
associated anorthositic rocks. Our analysis indicates that
these magmas form the low-silica end of a spectrum
of anhvdrous melts of mafic sources at lower-crustal
pressurcs. It is perhaps a matter of chance and geography
that in some complexes (e.g. Harp Lake, Rogaland)
mafic rocks that crystallized from liquids similar to those
parental to the anorthosites are readily apparent; whereas
in other complexes (e.g. Nain) they are not. However,
even if magmas similar to the parental magmas of the
mafic bodies did not form anorthosites in one complex
{e.g. Kiglapait, Hettasch, and Newark Island intrusions
in Nain), similar Fe--Al magmas did produce anorthosites
elsewhere (e.g. Laramie).

Compositions attributable to the lower crust from
compilations of xenolith suites (Emslie e al., 1994; Rud-
nick & Fountain, 1995) and from averages of granulitic
terranes of various ages (Rudnick & Fountain, 1995) are
shown in Fig. 5b. These compositions reflect mineralogies
dominated by pyroxene and plagioclase, so if anhydrous
melting of the lower crust at 10 13 kbar (pressures
necessary to produce the HAOM) were to take place,
we could reasonably expect liquid compositions with
relatively low Wo contents but a petrologically significant
range of Qtz contents. Because many of the compositions,
including estimates of the average composition of the
lower crust (ArM'T or pArMT in Fig. 5b), actually project
in the polybaric trace of the plagioclase + pyroxene
thermal divide, there reasonably might be a clustering
of liquid compositions near the pyroxene-plagioclase
thermal divide. Additionally, various estimates of the trace
element composition of the lower crust are consistent
with generation of the parent magmas of the massif
anorthosites, such as high Sr concentrations and a lack
of Fu anomalies ( Taylor ¢t al., 1984; Taylor & McLennan,
1983; Owens ef al., 1994) in what would otherwise be
evolved compositions. Owens et al. (1994) also argued that
the observed Sr concentrations in Labrieville plagioclase
(~2000 ppm) cannot be produced by contaminating a
mantle-derived magma with any likely crustal com-
ponent.

Melting of the lower crust does pose numerous prob-
lems, however. In some cases, isotopic compositions of
the anorthositic rocks lie close to mantle evolution curves
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and thus appear to support a mantle-derived parent
magma. However, the constraints may generally be sat-
istied if the crustal source separated from the mantle no
more than a few hundred million years before the melting
event (e.g. Demaiffe et al., 1986; Owens et al., 1994),
Another problem is mg-number: the Archean and post-
Archean mafic terrane averages compiled by Rudnick &
Fountain (1993) have mg-number = 0-34 0-38, whercas
HLCA has a bulk mg-number = 0-52. Even if the
requisite extensive melting were possible, orthopyroxene
would not be a residual phase at £>11-5 kbar under
anhydrous conditions because of the high Wo content
in these compositions. Sources similar to the average
Queensland mafic xenoliths (QU, Emslie ef al,, 1994)
with higher mg-number {0-68) and lower Wo are more
suitable for HLCA, but obviously are not as widespread.
Possibly a small amount of H,O could lower the solidus
sufficiently to increase the width of the gpx + ¢px two-
phase field so as to allow residual orthopyroxene in more
typical lower-crustal compositions. Melting of the lower
crust, either by magmatic heating from below or by
crustal thickening or by thrusting tongues of lower crust
into the mantle (Andersson ¢f al., 1996), i1s not the only
possible scenario, however. Arndt & Goldstein (198Y)
and Glazner (1994) have pointed out that mafic to
ultramafic intrusions in the mid- to upper crust will be
gravitationally unstable and will tend to sink into the
lower crust or upper mantle, especially if heating lowers
the effective viscosity of the crust. In such cases upwelling
asthenosphere or large magma bodies ponded in the
upper mantle might supply both the conductive heat that
causes the mafic ultramafic masses to sink out of the
crust and the local heat of contact melting. Interestingly,
the bulk composition of the Stillwater Banded Zone (Hess,
1960) also projects close to the plagioclase + pyroxene
thermal divide and has a relatively high mg-number
(0-73), although a lower Wo content would be preferable.
Furthermore, the upper portions of mafic layered in-
trusions, which contain more sodic plagiloclase, more
ferroan pyroxene, plus cumulus Fe 11 oxides and phos-
phate, are especially attractive sources for jotunitic
magmas: the lower mg-number plus higher concentrations
of K, T1, and P can lower the solidus sufficiently such
that the opx + aug/cpx tielines extend far enough even at
13 kbar (see Fig. 3b) to encompass compositions with
Wo contents as high as that of the Stillwater. A third
possibility is that of two-stage partial melting in which
the first stage of melting removes a silica-saturated melt
from an intermediate source leaving a granulitic
(prx + plag) restite, whose bulk composition necessarily
projects in the thermal divide; a second stage of melting
at a higher temperature produces a liquid whose com-
position also plots in or near the thermal divide. Emstie
et al. (1994) suggested that such restites would be ideal
assimilants to impart many of the trace element features of
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anorthosites onto mantle-derived melts. However, nearly
[00% assimilation would be needed to make a com-

position like HLCA or 1],

Fractionation paths

Finally, questions about the mechanism of crustal melting
and what conditions led similar hquids to accumulate
plagioclase in one case but not in another are beyond
the scope of this paper. But lest this deferment raises
inappropriate doubts, we wish to emphasize that the
phase equilibria presented herein are not only consistent
with generating the parental magmas of HAOM. anor-
thosites, and related mafic rocks by melting of a lower-
crustal mafic source, but also generally preclude de-
rivation from melts of peridotitic mantle
at 11-5 kbar as argued above. The polybaric phase
equilibria illustrated in Figs 2 and 3 allow us to consider
fractionation paths taken by mantle-derived magmas
that pond in upper-mantle or lower-crustal chambers.

and not merely

differentiate, and reach plagioclase saturation with mter-
mediate mg-number. Figure 6 shows the trace of the
pseudo-invariant points involving plag, Ipyy, of, and aug/
cpx (heavy patterned curves) taken from Fig. 2 and
illustrates the permissible anhydrous fractionation paths
{open arrows) in three different pressure regimes. At P
< 4 kbar (region I} where the pseudo-mvariant pomt
(DY 1s an olivine peritectic, the high-silica portion of
the aug + Iprx + plag liquidus boundary is accessible.
Between ~4 6 kbar point D is a cutectic (region 11, so
high-silica liquids are no longer accessible (opposing
arrows), at least not to typical basaltic liquids. Above ~6
kbar point D is an {pypx peritectic (region III), so typical
evolved hasalts will react out fpyx and move away from
the Qtz component. Only at < 4 kbar can assimilation
of granitic crust coupled with fractionation (AFC; shaded
arrow) cause a multiply saturated liquid to depart sig-
nificantly from its simple fractionation path because at
higher pressures the hybrid liquid either cannot escape
the cutectic or it follows the cotectics down temperature
away from Qtz.

Also illustrated in Fig. 6 are the compositions of average
MORB glasses from the Atlantic and the Pacific, a highly
differentiated MORB suite from the East Pacific Rise
{filled squares), and some continental tholetites (filled
circles and stars) with relatively low volatile contents that
are widely believed to have evolved in lower-crustal
chambers before high-level intrusion or cruption. As
expected, the locus of these compositions tracks the
regions where lpyv, aug, and plag + ol cocrystallize and
misses the compositional range necessary to form HAOM
together with the troctolitic noritic  crystallization
sequences.

It is possible for primitive mantle melts 10 access
compositions similar to HLCA under special conditions.
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| (= 6 kbar).
{Pl,"m} . 1pyx+lig = aug+piag+ol/sp  /gar
oxygen units Di I (4-6 kbar):

g = Ipy x+aug+plageol

M (< 4 kbar):
ol+lig = lpy x+aug+plag

HAOM parent liquids

Fig. 6. Fractionation paths of mantle-devived liquids. Heavy dashed
curves show the locus of pseudo-invariant points involving iy from
Fig. 2b; pressure increases from right 1o lefi. Inset box gives the pressure

range for cach melting equilibrium. Large arrows show direction of

liquid evolution once a fractionating basaltic iquid has reached the
pseudo-invariant point appropriate for a given pressures opposing
arrows indicate cutectic relatons. Shaded arrow shows assimilation

fractionation (AFC) path for pressure regime Tz AFC paths in pressure
regimes 1 and I are similar o simple fractionation paths. Graded line
shows wt % mixing of average Harp Lake granite {Gr, Fig. 5a} with
liquid at B {Fig. 11, M is representative melt of low-silica mafic source
at 1013 kbar. W. rocks and glasses from East Pacific Rise {Bender of
al.. 19863 O, average Atlantic and Pacific MORB glasses (BSVYP,
19811: @, continental flood basalts: average Askja Myvatin qiz tholeiite,
Teeland. average Siberian traps, average upper and lower Deccan flows
(BVSP, 19811, average Picture Gorge basalt, average Yakima basalt,
average Karoo diabase, average Palisades diabase {Carmichacl, 1974).
*Individual representative analyses of Keweenawan flows (BVSP. 19815

For example, a melt with composition equal 1o
HLCA 4 Ol could reach plag saturation near the HLCA
projection point at £ < 4 kbar (Fig. 2a), but at such
pressures this residual composition would contain less Pl
component than HLCA and such a scenario would
prectude HAOM. Assimilation of a granitic component
into a primitive melt with lower Qtz and Wo than HLCA
could change the erystallization trajectory such that the
AFC path trends across the projected HLCA composition
(Fig. 6). If the evolving liquid composition remains on
the ol + plag liquidus surface and decreases in tem-
perature, then the process is limited to pressures where
the plagioclase + pyroxene thermal divide is not stable,
i.e. P < 4 kbar, once again precluding the existence of
HAOM. At higher pressures where HAOM are stable
and mantle-derived liquids are nepheline-normative, the
plagioclase + pyroxene thermal divide creates a barrier
even to the most favorable conditions of AFC (c.g.
Kelemen, 1990), such that assimilation of granitic ma-
terial will induce crystallization that drives the hybrid
liquid away from the divide, increasing its nepheline
content,

Perhaps, the most hopeful scenario for assimilation
arises when the magma is saturated only with plagioclase.
If a fractionating mantle-derived liquid arrived at the
plag liquidus surface at 11-5 kbar, the closest its com-
position could be to HLCA or '] would be B in Figs 2a
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and 6. If this liquid rose quickly enough to a depth
corresponding o 4 kbar, it would be situated entirely
within the plagioclase liquidus volume, and, in a [PL1Im]
projection, its initial AFC path would appear to be on a
direct line toward the assimilant composition (Gr from
Fig. 4a in this case). We recall, on the other hand,
that noritic anorthosite magmas from Harp Lake and
Rogaland intruded saturated only with plag. This con-
straint hmits the amount of plag crystallization before
emplacement, ie. pressure release from 13 kbar to 4
kbar. 'The amount of plag that will crystallize alone can
be estimated 1o be <15 vol. % hy applying the lever
law to the 11-5 and (interpolated) 4 kbar liquidus bound-
aries in Fig. 2a. If the ascending magma was a suspension
and retained all of its superheat, it could dissolve as much
as 4% suspended plag (Table 4). Gradations on the mixing
path in Fig. 6 show that if all of the heat released
from crystallizing this potential plagioclase (15% from
expansion of the plagioclase liquidus field, 4% from
superheat) went into assimilating a comparable amount
of granitic component, it would indeed be possible to
move the B composition 1o the high-Qiz side of HLCA.
Because the amount of plag crystallized from the super-
heated liquid is approximately the amount that was
melted, ~19% assimilation would produce a net crys-
tallization of ~15% plag from composition B, thus al-
lowing the hybrid liquid to remain at least marginally in
the plag liquidus field.

Although the major elements permit this idealized AFC
scenario, other considerations mediate against it First.
mantle-derived magmas could make norites only if they
assimilated at least 20% granitic component (Gr). Yet
many leuconorites have relatively primitive sotopic ratios
that preclude 20% assimilation of granitic material. Sec-
ond, energy sinks (heating of country rock to its solidus,
heating the granitic melt to the temperature of the mafic
liquid) are likely to make this process less efficient. Also,
survival of HAOM, cven in suspensions, 1s a testament
to their host liquids having never become significantly
superheated. Finally, because the olivine + augite + pla-
gioclase thermal divide {dashed line in Fig. 6} is stable
below ~6 kbar for compositions with intermediate mg-
number, the liquidus surface must be saddle shaped with
respect to temperature in the vicinity of the thermal
divide. This saddle shape produces an exception to the
observation of Ghiorso & Kelemen (1987} that mixtures
of primitive liquids and ecutectic liquids inevitably have
temperatures above the liquidus of the mixwre. The
mixing trend beginning at B in Fig. 6 cuts across the
trace of the thermal ridge (dashed line in Fig. 6) and,
thercfore, could proceed only in the unlikely event that
the granitic melt was generated and its temperature was
raised to nearly that of liquid B without withdrawing any
heat from B on a regional scale. This condition applies
to almost all possibly mantle-derived liquids derived
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Table 4: Thermal constraints on superheat and melting (hq = HTSE0E-1)

Terms

p (density; g/em®), T {temperature; K), P (pressure; bars}, V (volume; cm?)

isobari ok (11(4Y
u_p {isobaric thermal expansion; K™') ‘ V) | dT‘P
" (isobaric heat capacity of liquid)

x, (mole fraction of oxide #

(dT/dP), (adiabatic temperature gradient) :(‘ ;E‘t) {Ref. 1)
{(dT/dP)* (tiquidus slope)

(dT/dF), (temperature drop per wt unit of crystallinity)
{dp/dP)* {liquidus density gradient)

Calculations

gram-atomic weight of HTB0E-1 = 64.6 g/mol

(dp/dP = 0-007 g/cm? per kbar (Ref. 2)

C'1=Y (x,C.,") = 940 cm®bar/K per mol = 14.6 cm?®bar/K per g (Ref. 3)

(dT/dP)" (HLCA, 0-10 kbar} = 4-2 K/kbar (Ref. 4)

(dT/dF) {from 5008-30 and -32) = 1-67 K/wt % (Ref. 4)

AT (11.5-4 kbar) = (dT/dP{AP) = -31.5K

% = 0-000088/K (from liquid density model) (Ref. 5)

p"@ (HTBOE-1, 1 bar) = 2.70 g/cm® @ 1265°C (Ref. 5)

p" (HTBOE-1, 11-5 kbar) = 2.70 + (dp/dP){AP) = 2.78 g/fcm?

(dT/dP), = (0-000088 x 1538)/(2-78 x 4.6) = 0-0033 K/bar = 3.3 K/kbar
= ~31.6 - (dT/dPJ(AP) = =315 - (3.3 x -7-5) = -6.8K

potential superheat: AT® = AT - AT>"*™
plagioclase remelting potential: F = AT3/(dT/dF, = -4.0 wt %

References: 1, Stacey (1969); 2, Agee & Walker (1989); 3, Stebbins et al. (1984); 4, Fram & Longhi (1992); 5, Bottinga & Weill

(1970).

throughout region 1. The only exceptions are those that
lie along the short portion of region 1 that extends to the
high-Qtz side of the thermal divide. Region I terminates
because the increasing pressure stabilizes a garnet-hearing
assemblage (P>13 kbar) a condition that appears to
be excluded by REE modeling (Simmons & Hanson,
[978). Thus there is a narrow range of possibly mantle-
derived liquids projecting near the terminus of Region 1
{and thus representing fractionation only in the range of
13 kbar > P > 11-3 kbar) that could assimilate granite
during ascent through the crust and transform into noritic
liquids saturated only with plag. As illustrated in Fig. 6,
a minimum of ~20% granite assimilation would be
required to produce noritic liquids by this mechanism.
However, the primitive isotope compositions of some
noritic anorthosites do not permit such extensive as-
similation. Furthermore, Duchesne & Michot (1987) de-
scribed the Rogaland massifs as heing composed nearly
entirely of noritic anorthosites and leuconorites with no
mention of troctolitic rocks. It is difficult to envision how
20% granite component could become so uniformly
mixed throughout such large volumes of suspension so
as 1o not leave patches of troctolitic anorthosite where
only 5 or 10% granite was mixed in.

More silicic troctolitic melts (e.g. M) produced on the
opx + cpy + plag liquidus boundary on the low-Qtz side
of the plagioclase 4+ pyroxene thermal divide at pressures
of 10 13 kbar would be able to intrude upward, assimilate
granitic material, remain saturated in only plagioclase,
and appear 1o evolve along a mixing line toward granite,
as described above. 'The same cautions against copious
assimilation apply here, too, but as M begins with a
higher Quz component than B, less assimilation is required
to move the hybrid composition to noritic compositions.
Of course. even less assimilation is needed if the starting
pointis HLCA. In this way it may be possible to transform
crustally derived troctolitic magmas into noritic magmas
saturated only in plag with a relatively small amount of
assimilation of granitic material. Indeed, only a few
percent granite assimilation is needed to account for the
observation that &y, is typically lower and ISr/™Sr s
higher in noritic anorthosites than in assoctated troctolitic
anorthosites (Ashwal, 1993; Wiebe, 1994,

CONCLUSIONS
Massif anorthosites and their associated mafic rocks
ervstallized from liquids with low Wo contents and
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intermediate mg-number. These liquids span a con-
siderable range in Qtz content from nearly nepheline-
normative compositions  that  crystallize  troctolitic
(ol + plag) and gabbroic (ol + aug + plag) assemblages
with no low-Ca pyroxene {c.g. the central dome at
Laramie and the Kiglapait intrusion in Nain) to quartz-
normative compositions that crystallize noritic  as-
semblages (opx + plag + ilm) followed by augite-bearing
assemblages (e.g. portions of Harp Lake and Nain in
Labrador plus Egersund-Ogna, and Bjerkreim  Sokndal
in Norway). We have shown here that two compositions
that had previously been shown to be suitable parental
liquids—HLCA for the Harp Lake anorthosites (Fram
& Longhi, 1992) and TJ for the Bk-Sk intrusion (Vander
Auwera & Longhi, 1994)- arc simultaneously saturated
with HAOM-like orthopyroxene, clinopyroxene, and
intermediate plagioclase on their respective liquidi at
10 13 kbar and also lie in the plagioclase + pyroxene
thermal divide. Despite multisaturation, these com-
positions cannot be residual liquids to any more primitive
liquid derived by melting peridotitic mantle. Such com-
positions must be melts of pyroxene + plagioclase sources
whose compositions already lie in the thermal divide.
Although these constraints do not apply to the entire
range of liquids parental to the anorthosites, the com-
positions of these liquids are none the less consistent with
partial melting of heterogeneous mafic source regions in
the range of 10-13 kbar. The ideal source for HLCA-
like liquid is apparently more magnesian than averages
of mafic terranes, which are thought to be representative
of the lower continental crust (e.g. Rudnick & Fountain,
1995). Other potential sources include restite left after
an initial stage of melting and foundered layered in-
trusions that have sunk out of heated (weakened) crust
into the upper mantle (c.g. Glazner, 1994). The more
evolved portions of layered intrusions, which contain
cumulus ilmenite and apatite, appear to be especially
altractive sources for melts similar to T]J, Le. jotunites or
MonNzonorites.

Isotopic analyses of anorthositic rocks from a given
massif typically define mixing arrays between a more
evolved crustal component and a more primitive com-
ponent, whose provenance (enriched mantle, mafic crust)
remains unclear. The overall isotopic variations show no
consistent correlation with major elements except for a
general tendency for troctolitic anorthosites to be more
primitive isotopically than noritic anorthosites from the
same massif (Ashwal, 1993; Wiebe, 1994). The overall
lack of correlation of isotopic and major clement vari-
ations suggests that the variations were imparted at depth
where mantle-derived liquids fractionate away from the
compositions characteristic of liquids parental 10 massif
anorthosites, even while assimilating granite. The more
isotopically evolved compositions of many noritic anor-
thosites are consistent with a few percent high-level
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assimilation of granitic component into a more troctolitic
plagioclase suspension. Mantle-derived magmas not only
require more granitic component for this transformation
than the isotopes allow in many cases, but they are
probably blocked by the olivine + augite + plagioclase
thermal divide as well.
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THE MONZONORITE-ANORTHOSITE CONNECTION: THE PETROGENESIS OF
TERRESTRIAL KREEP. J. Longhi, Lamont-Doherty Earth Observatory, Palisades, NY
10964 and J. Vander Auwera, LA Géologie, Pétrologie, Géochimie, Université de Liege, B-
4000 Sart Tilman, Belgium.

There is a suite of rocks typically associated with Proterozoic massif anorthosites that bear some
interesting similarities to lunar KREEP. In many cases (e.g., Laramie [1]) these rocks are plutonic and have
traditionally been referred to as the jotunite-mangerite- +charnockite- tsyenite suite. However, in the Rogaland
district of southwestern Norway, where they are referred to as "monzonorites”, these rocks are also present as
fine-grained dikes and as the chill margin of a layered intrusion [2,3], and thus approximate magmatic liquid
compositions are readily obtained by chemical analysis. Monzonorites are typically enriched in incompatible
lithophile elements such as K (alkali feldspar is present), the rare earths (REE), and P. They have intermediate
to low Mg', low-Ca pyroxene, and more evolved types have low Ti/Sm ratios. Much debate has developed over
attempts to explain the link between monzonorites and massif anorthosites. One feature seems clear:
monzonoites and associated anorthosites have different initial isotopic ratios [3,4], so a simple relation is not
possible. However, there is apparently a continuum in major elements between the monzonorites and gabbros
believed to represent magmas parental to the anorthosites. This continuum suggests a link via high pressure
fractionation coupled with assimilation. Although more complicated, this scenario is similar that evoked for
the early Moon: following the formation of ferroan anorthosites, continued fractional crystallization of the
residual liquids at the base of the crust led to the formation of KREEP [5]. An attempt is made here to
establish a link between monzonorites and high-Al gabbros which are nearly always found as ancillary
intrusions associated with anorthosites, and which may record processes in lower crustal magma chambers.

Fig. | illustrates some of the evidence for a link by fractionation between monzonorites and gabbros .
The upper panels show a continuous variation in TiO,, P205, and MgO between gabbros and ferrodiorites of

the Harp Lake Complex of Labrador {6] and the monzonoritic dikes of the Rogaland district of Norway [3].
Patterns for other elements (SiO7, Al,O3, FeO, etc.) versus MgO are also continuous. Interpretation of the

elemental variations are not straightforward, however. The peaked TiO,-MgO pattern is as expected for

fractional crystallization of a magma that eventually becomes saturated in ilmenite. Except for the subset of
analyses with P05 above 2 wt %, the PyO5-MgO pattern is generally similar and indicates crystallization of a

phosphate (apatite) between 2 and 3 wt % MgO. The samples with the highest P05 also have lower Si0;

(43-45 wt%) and higher FeO (15-20 wt%) than those one the main trend. These samples are from dikes that
show large regional variation in composition, and it seems possible that these dikes underwent an internal
differentiation caused by differential flow of a crystalline matrix and interstitial liquid. The high-P-Fe, low-Si
samples thus may be partial cumulates. If so, then the highest TiO, concentrations may be enhanced by
accumulation as well. Experimental liquids obtained from gabbroic (HLCA) and monzonoritic (TJ) starting
materials tend to mimic the high-MgO portion of the natural trend although it is clear that the specific
compositions employed cannot be directly related. The steep trend of increasing TiO, with decreasing MgO for
the natural samples in Fig. 1 indicates that fractionation must have involved extensive Fe-Mg equilibration.

Trace elements provide evidence of further complications. Several of the monzonoritic dikes lack
negative Eu anomalies in their REE patterns and have only weak depletions of chondrite-normalized St relative
to the light REE [3] — hardly what is expected from liquids residual to the formation of anorthosite. Phase
equilibria complicates matters still more. Experiments on one of the most primitive monzonorites (sample TJ,
the chill margin of the Bjerkeim-Sokndal intrusion [7]) show that plagioclase(pl) and orthopyroxene(opx) are
together on the liquidus from 10 to 13 kbar. This pressure is consistent with experiments that showed
aluminous opx megacrysts found in anorthosite plutons to have formed in this pressure range [8]). However, as
Fig. 2 illustrates, the TJ composition is close to a thermal divide on the pl-opx(zpigeonite)-augite(aug)
liquidus boundary in this pressure range, yet it would be extremely fortuitous for a residual liquid to remain on
a thermal divide. One way to generate a liquid on a thermal divide would be in a second stage fusion of the
lower crust: the first stage removes a granitic component leaving a pyroxene-plagioclase residuum, which
would necessarily produce melts on the thermal divide at these pressures. This residuum would likely be
depleted in incompatible elements and have positive Eu and Sr anomalies with respect to the other REE, so it
would be necessary to invoke small degrees of melting to produce incompatible element enrichments and
flatten out the Eu and Sr anomalies. Such a scenario would not, however, readily explain the continuous
variation in major elements evident in Fig. | nor the continuous variation in mineral compositions between
anorthositic and monzonoritic rocks [1].

A final option is assimilation-fractionation. In this scenario the compositions of the monzonoritic
parent magmas (derived by high pressure crystallization of gabbroic liquids) are altered by assimilation of
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er pressures (i.e. < 7 kbar) where the pyroxene-plagioclase thermal divide is no longer
resent location of the TJ composition near the thermal divide is accidental and the
hybrids. Further work is needed to verify this hypothesis.
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Fig. 1 Major element variation in gabbros and monzonoritic rocks associated with the Harp Lake (Labrador) (6]
and Rogaland (Norway) (3] anorthosites compared with liquid compositions ([8] and this study) obtained from
experiments in graphite capsules on natural compositions. Fig. 2 Liquidus equilibria on the plagioclase +
ilmenite saturation surface at lower crustal pressures. Liquids shown as filled squares; dashed tie lines connect
coexisting pyroxene compositions (small open circles).
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Jotunites from the Rogaland Province (Norway) : constraints from
experimental data and the partitioning of Sr (plag/meit) and Cr (opx/melt)

1 Vander Auwera (Université de Ligge - 4000 Sart Tilman - Belgium)
J Longhi (Lamont-Dohersty Earth Observatory, Palisades, NY 10964)
JC Duchesne (Université de Lidge - 4000 Sart Tilman - Belgium)

The Ds; (plag/melt) and the D¢, (opx/melt) have been measured with a
CAMEBAKX electron microprobe in meiting experiments performed on the
jotunitic border facies of the Bjerkreim-Sokndal lopolith (TJ) (Vander Auwera
and Longhi, Terra Abs 1993). There is no significant pressure effect on the Ds¢
from 1 atm up to 13 kb and depending on the anorthite content, Ds, ranges from
1.7 (AngQ) to 1.9 (Ang3). These values are lower than those (2.5 (AngQ) 10 3.6
(An43)) calculated with the regression of Blundy and Wood (GCA, 1991). D¢,
is lower than 3 at 1 atm (NNO buffer) and equals to 14 at 10 kb (< MW buffer).
This last vaiue is a minimum as Dc; strongly increases with fO7 (Barnes, GCA
1986).

Melting experiments have been run at S kb on the chilled margin and an FTP
rock of the Varberg jotunitic dyke (Duchesne et al, CMP 1985). Comparison of
phase equilibria in experiments and dyke suggests that the FTP rock is a crystal
ladden liquid or even a cumulate. A least square regression model corroborates
this conclusion. By eliminating these rocks from the Rogaland data set
(Duchesne et al,1985) and using experimental data on TJ, the jotunitic liquid line
of descent shows a first increase in FeOy together with a decrease in SiO)
followed by a strong decrease in FeOy and an increase in SiO;.

Major and minor element compositions suggest a connection between TJ and
high-Al gabbros (HAG) through polybaric fractional crystallization coupled with
crustal assimilation (Longhi and Vander Auwera, Lun Planet Sci XXIV, 1993).
Appareatly, this connection is not supported by trace element as some jotunites of
Rogaland display no negative Eu anomaly and only a slight depletion in Sr
relative to LREE. Nevertheless, calculation of the liquid REE patterns show that
when plagioclase crystallizes cotectically with pyroxenes as observed in a high-
Al gabbro at 11.5 kb (Fram and Longhi, Am Min 1992), a negative Eu anomaly
appears only after 60% crystailization of HAG and is important only after 80%
crystallization . Moreover, using the measured Dg, and the same cumulate, the
St depletion relative to LREE at 60% crystallization is similar to that observed in
the least differentiated jotunites of Rogaland. These results give then further
support to the connection between high-Al gabbros and jotunites. On the other
hand, considering that the D, measured at 10 kb is a minimum value, it is
possible to crystallize Cr-rich opx from evolved liquids like TJ (Cr = 50 ppm).
This is consistent with parent magmas ranging from high-Al gabbros to jotunites
in order to produce different massif type anorthosites.






MANTLE-DERIVED PARENT MAGMAS FOR MASSIF ANORTHOSITES??? J. Longhi
(Lamont-Doherty Earth Observatory, Palisades, NY 10964, USA) and J. Vander Auwera (LA
Géologie, Pétrologie, Géochimie - B20 - Université de Liege, B-4000, Sart Tilman, Belgium)

The Sr, Nd, and Pb isotopic compositions of massif anorthosites suggest an ultimate
mantle origin with a variable signature of crustal contamination [e.g.1]. Recent experimental work
[2] has shown that the average high-Al gabbro composition at Harp Lake [3] is multi-saturated
(opx+cpx+plag on the liquidus) in the range of 11-12 kbar with opx compositions similar to those
of the opx megacrysts and plagioclase similar to the bulk of the plagioclase in the complex. More
recent work on a jotunite (Tj) from the Rogaland Province has shown that this rock is close to
being a suitable parent for the Bjerkreim-Sokndal (BkSk) layered intrusion [4] — the ideal parent
would slightly more magnesian and calcic. Data from this work also show that Tj is multi-
saturated with opx+cpx+plag at ~ 13 kbar, and that opx (Eng7, 600 ppm Cr) and plag (An42)
compositions at this pressure are in the range of the more evolved opx megacryst and plagioclase
"phenocryst" compositions observed within the massif anorthosites [5]. Thus liquids similar in
composition to HLCA and a slightly more primitive Tj may have been residual to the early stages
of anorthosite petrogenesis in the lower crust. A constraint for mantle derivation is that
anorthosites' parent magma compositions lie along liquid lines descent for primitive basalts. We
have shown previously that this is not the case for Tj: Tj is nearly coplanar with its liquidus
plagioclase and pyroxene compositions at 13 kbar, implying that Tj lies in or near a thermal divide
at lower crustal pressures [4]. Re-examination of the data of [2] shows a similar situation for
HLCA at 11.5 kbar. Thus neither composition is likely to be reached by fractionation or
fractionation plus assimilation (AFC), because assimilation requires crystallization to provide the
heat of melting which will drive the liquid composition away from the thermal divide. At lower
pressures the pyx+plag thermal divide disappears, so AFC processes can produce compositions
similar to HLCA and Tj, but the range of primitive basalts is highly restricted because another
thermal divide, ol+aug+plag, develops as soon as pyx+plag disappears. The coincidence of AFC
yielding significant amounts of liquid that both lies in a thermal divide at a higher pressure and is
appropriately multi-saturated at the same higher pressure is rendered even less probable by the
requirement for AFC to take place in the cooler middle crust.

It thus appears that the lower crustal fusion hypothesis of [6] is most consistent with the
data: Large ponded intrusions of basalt provide the heat for an initial stage of melting which
extracts a rapakivi granite component from recently accreted [1] lower crust and leaves an
anhydrous plagioclase + pyroxene residuum enriched in Sr and Eu relative to Rb and the REE;
continued heating produces a second stage of melt that lies close to or within the
pyroxene+plagioclase thermal divide and that has at best a small negative, or perhaps even
positive, Eu-anomaly. Modest degrees of partial melting produce liquids with the major element
composition of high-Al basalt — such liquids are parental to anorthosites with more calcic
plagioclase (e.g., Harp Lake [3]); lower degrees of melting produce liquids with higher
concentrations of K, Ti, P, and other incompatible elements — such liquids (primitive jotunites)
are parental to anorthosites with more sodic plagioclase (e.g., portions of the Rogaland massifs
[5]). However, there remains a need for mechanical enrichment of the parental liquids with
plagioclase crystals in order to produce anorthositic rocks, because cotectic melts of the lower
crust will have Al,O3 concentrations much lower than anorthosites. [1] Demaiffe D., Weiss D.,
Michot J., and Duchesne J.C. (1986) Chem. Geol. 57, 167-179. [2] Fram M.S. and Longhi J.
(1992) Am. Mineral. 77, 605-616. [3] Emslie, R.F. (1980) Geol. Surv. Can. Bull. 293, 1-136.
[4] Vander Auwera J. and Longhi J. (1994) Contrib. Mineral. Petrol., in press. [5] Duchesne
J.C. and Magquil R. (1992) in The Rogaland Intrusive Massifs, J.C. Duchesne (ed.), IGCP-290,
pp. 7-17. [6] Taylor S. R. and McClennon S. M. (1985) The Continental Crust:. Blackwell.






PLAGIOCLASE-MELT WETTING ANGLES AND TEXTURES: IMPLICATIONS FOR
ANORTHOSITES:; J. Longhi! and S. R. Jurewicz2. |Lamont-Doherty Earth Observatory,
Palisades, NY USA; 2US Synthetic Corp, 744 South 100 East, Provo, UT 84606 USA.

The rheological properties of crystal-rich magmatic suspensions and mushes play an important role in
partial melting, magma transport, and differentiation. Of particular interest to lunar studies is the role that the
rheology of plagioclase-melt mixtures plays in the formation of anorthosites| e.g., 1]. Accordingly, we have
begun a study of plagioclase-melt wetting angles. Results from a melting experiment on a terrestrial gabbroic-
anorthosite show a mean wetting (dihedral) angle of 45° — a result similar to that obtained for alkali feldspar-
melt by [2]. However, the distribution of measured wetting angles is non-ideal — reflecting crystalline
anisotropy, the development of planar crystalline faces, and heterogenous melt distribution. These results are
qualitiatively similar to those obtained for biotite-melt by [3] and suggest: a) that the transition from
suspension (liquid rheology) to mush (solid rheology) occurs at lower melt fractions than would be predicited
for uniform spheres [2]; and b) that there is a non-zero equilibrium melt fraction that cannot be withdrawn
from a plagioclase-rich matrix under hydrostatic stress [3].

Rock powder of anorthositic gabbro 500B from Nain [4] was run in a 1/2 inch piston cylinder
apparatus at 1150° C and 10 kbar for 14 days in a graphite capsule according to the procedures of [5].
Measurements of 200 plagioclase-melt wetting angles were made from 2000X backscattered electron
microphotographs of the polished surface of the charge. Results are shown in Fig. 1 as percent frequency
versus observed wetting angle and yield a median angle of ~ 45°. Also shown is the calculated ideal
distribution of observed angles expected for randomly oriented 45° crystal-melt junctions intersected by a plane
[6]. The observed distribution of wetting angles is much broader than the ideal distribution. Also, melt is
distibuted non-randomly: in addition to the even-distributed, small (< 10 microns) triangular pockets of melt
expected for equilibrium, there are large, polycrystalline, melt-free areas as well as local accumulations of melt
into pockets. tens of microns in size with numerous, well-facetted bounding crystals. Such textures are
different from the uniform distribution of melt pockets bounded by equidimensional olivines with rounded melt
interfaces, typically observed in similar experiments on olivine-rich materials [e.g., 7]. Similar disparities
observed in experiments on biotite-rich granodioritic materials have been attributed in part to strongly preferred
lattice misorientations along grain boundaries[3]. These misorientations produce a non-random distribution of
interfacial energies and a dominance of grain boundaries with lower energies. This preference for lower energy
grain boundaries will lead to clustering of crystals and crystalline anisotropy will enhance this effect. At the
same time crystal-liquid boundaries that are favored energetically will produce facetted crystal faces. The result
is the formation of crystal-rich regions with limited ranges of crystalline orientations separated by melt-rich
pockets bounded by facetted crystals with range of stable dihedral angles.

There are important implications of these observations. One is the effect on the critical melt fraction
below which the viscosity of a crystal-melt suspension increases exponentially with further decreases in melt
fraction and becomes a rheological solid (mush) requiring deformation of the crystalline matrix in order to
move. The critical melt fraction is a function of contiguity [8] — the fraction of crystalline surface area taken
up with crystal-crystal contacts — which is in turn a function of the wetting angle [9]. The higher the
contiguity, the higher the critical melt fraction; but the lower the wetting angle, the lower the contiguity. This
means that the viscosity of suspensions is not a function of crystallinity alone. [10] showed that planar crystal
faces had lower wetting angles than curved faces at the same triple junction and that melt penetrated deeper
between crystals bounding a melt pocket if one had a flat face. They inferred higher permeability/porosity and
Jower viscosities (hence contiguity) for assemblages with planar crystal faces[10]. An apparently contrary
conclusion was reached by [3] who observed that the large pockets of melt associated with the development of
planar crystal faces (biotite) were separated by dry, highly contiguous, polycrystalline regions, similar to those
present (plagioclase) in our experiment. They argued for an overall increase in contiguity and hence viscosity,
and concluded that any increase in permeability was only local (leading to the formation of the pockets of
melt) [3]. More importantly, they concluded that the polycrystalline regions were impermeable and ultimately
isolated the melt pockets so as to stabilize a non-zero equilibrium melt fraction. This melt fraction is not as
straightforward to quantitfy as the equilibrium melit fraction in an ideal system of uniform spheres with
constant dihedral angle [2].

The apparent conflict between these conclusions may be resolved by a modification of the model of
equibrium melt fraction for facetted crystals with low dihedral angles: the effect of producing dry,
polycrystalline regions separated by large pockets of melt probably isolates the melt thus yielding a low
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equilibrium melt fraction as suggested by [2 and 3]; however, once this melt fraction is exceeded and the melt
pools interconnected, the large polycrystalline areas may behave as quasi-single crystals with relatively low
effective contiguity at very low strain rates. This latter behavior would yield lower viscosity than a uniform
crystal-melt assemblage with similar melt fraction. In other words, the controls on bulk physical properties are
no longer entirely at the scale of crystal-melt interfaces, but at the scale of the large pools of melt and the
polycrystalline aggregates.

The applications to anorthosites are considerable. If textural equilibrium of facetted crystals such as
plagioclase leads to the formation of polycrystalline aggregates or clusters that have less extensive external
than internal crystal-crystal contacts, then suspensions of facetted, polycrystalline plagioclase may have lower
viscosities than equivalent suspensions of plagioclase spheres and perhaps lower viscosities than equivalent
suspensions of facetted plagioclase that have not yet reached textural equilibrium. This means that the critical
melt fraction for the transition from plagioclase-melt suspensions to mushes may be lower than inferred from
uniform sphere models or observations of crystallinity in lavas [e.g., 11], thus facillitating the transport of
plagioclase suspensions with less than 50% melt [1]. On another level, because of the non-zero equilibrium
melt fraction, the very high modes modes of plagioclase (up to 99%) in lunar ferroan anorthosites may be
impossible to achieve (except on a small scale) without deformation. Thus either a once present, but less
durable, mafic constituent of the crust has been rendered cryptic by meteorite bombardment [12], or
deformation — possibly in the form of buoyancy-driven, post-accumulation diapirism — has separated
plagioclase from trapped liquid yielding ultra-pure anorthosites [1].
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Fig. 1 Plot of percent frequency versus plagioclase-melt wetting angles. Solid lines are results of 200
measurements in a single charge; dashed curve ideal distribution of randomly oriented 45° dihedral angle
intersected by a plane [6].
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We have previously investigated the liquidus phase relations of
two synthetic crystal-glass mixtures with broadly high-Al basaltic
composition (HLCA, TJ) that had been proposed as parental liquids to
Proterozoic (massif) anorthosites (Harp Lake - Labrador; Rogaland -
southern Norway). Despite differences in TiO2, K20, and P20S5 that
lead to differences in liquidus temperatures, the two have similar
phase relations: plagioclase is the liquidus phase at low pressure and
in the range of 10-14 kb each becomes multiply saturated with
plagioclase, orthopyroxene, and clinopyroxene. Furthermore, at the
pressure of multiple saturation not only is the plagioclase in each case
in the range of typical plag compositions observed in the respective
complexes, but also the liquidus opx are close in composition to the
most Al-rich (8-9 wt% Al203) opx megacrysts found in the respective
complexes. However, re-examination of the experimental data shows
that near the pressure of multiple saturation both compositions lie in
thermal divides formed by the coplanar disposition of coexisting
plagioclase, pyroxen¢, and liquid compositions. A reversal in the
direction that residual TJ liquids evolve between 10 (decreasing Qz
component) and 13 kb (increasing Qtz) confirms this observation.

The existence of @ pyroxene-plagioclase thermal divide implies
that primary mantle melts or their derivatives, saturated with
plagioclase, high and low-Ca pyroxen¢, and olivine and/or spinel
must have a lower temperature than the thermal divide for comparable
Fe/Mg. Mantle-derived liquids will thus evolve away from the divide.
Thus compositions like HLCA and TJ that are multiply saturated at the
pressure at which they lie in the pyroxene-plagioclase thermal divide
cannot be generated from typical basaltic magmas by fractional
crystallization or by AFC. The only alternative is partial melting of a
composition already in or near the thermal divide, namely a
pyroxene+plagioclase-rich source (mafic granulite) such as is believed
to constitute the lower crust.

A lower crustal origin for massif anorthosites is generally
consistent with trace element patterns and can satisfy most isotopic
constraints if the lower crustal source separated from the mantle no
more than 200-400 m.y. before the melting event. Melting of the
lower crust still requires large magmatic heat input from the mantle,
but phase equilibria constraints exclude significant contribution of

mass.
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A thermal divide on the plagioclase+pyroxene liquidus surface is stable at modest crustal pressures
(3-4 kb) in terrestrial magmas and inhibits silica enrichment in liquids residual to anorthosites [1].
The same divide is predictably stable to lower pressures (1-2 kb) in lunar compositions because of
lower alkalies and may play a vital role in explaining the absence of granitoids ("descartesites” =
anhydrous trondjhemites) residual to the formation of lunar ferroan anorthosites (FAN).

Results of some new modeling of liquids parental to ferroan anorthosites are shown in Figs. 1 and
2. The calculations incorporate new low-pressure experimental data, which show that the algorithm
developed by Drake [2] slightly overestimates the Ab content of anorthitic plagioclase — compare
open squares (algorithm) with filled squares (experimental plagioclase) in Fig. 1. Dividing the Ab
content calculated from eq. 8 of [2] by the term (1. +(1.-NAB —NOR)*(Fe‘)z) produces a
satisfactory fit. NAB an NOR are the Ab and Or fractions of the normative feldspar; Fe' = molar
FeO/(FeO+MgO).

Fig. 1 illustrates the mineral composition paths generated by fractional crystallization of a model
FAN parent liquid [3] at 2 pressures, 0 and 3 kb. Although there is little apparent difference in plag
composition and Mg/, very different rocks form by accumulation. Ol is present everywhere along
the 3 kb track, but is absent where the O kb track passes through the field of FAN mineral
compositions. More importantly, though, there is a long interval where plag, aug, ol/pig, and a
silica mineral cocrystallize at low-pressure, but not at 3 kb. The calculated fractional crystallization
paths of the corresponding liquids are shown in Fig.2 (filled squares = 0 kb; open circles = 3 kb;
the letters o, p, i indicate the first appearances of ol (+plag), pig, and ilm, respectively; the last
symbol in each set represents 98% crystallization). The 3 kb fractionation path is offset from the 0
kb path because of the pressure-induced shift in liquidus boundaries, especially ol + pig. Note in
particular that the liquid where ol, pig, and plag coexist shifts from the Qtz side of the Opx-Pl join
at low pressure to the Ol side at 3 kb. In doing so, this pseudo-invariant point changes from
peritectic (ol reacts with liquid) to a eutectic and at the same time a coplanarity between liquid and
coexisting plag and pyx is exposed. At modest pressures this coplanarity is close to the Opx-Pl
join, but at mantle pressures, increasing Al-substitution in pyroxene shifts the pyroxene
composition toward lower Qtz component and, hence, the coplanarity shifts away from the join.
Although this transition is compositionally dependent, it occurs at ~ 1 kb for this parental liquid
composition. At 0 kb the silica-bearing cumulates constitute approximately 20 vol% of the
sequence; and if efficient separation of mafic and felsic minerals were to have taken place the result
would have been an anorthositic rock (Angg.95) with 10-15 % silica mineral ("descartesites"”).

Conversely, at 3 kb olivine forms only about 10 -15 % of the crystallized mafic component. Thus
some apparently ol-free anorthosites might be the result of limited sampling of rocks crystallized
from ol-saturated magmas.

The absence of siliceous anorthosites is readily explicable in terms of a well behaved magma ocean
(MO): no primary silica is to be expected as long as the floating crust reached a thickness of ~20
km before the MO became silica saturated. This stipulation also means, however, that the array of
mineral compositions in Fig.1 has stratigraphic significance with the anorthosites having the
minerals with the highest Mg' having formed first and closest to the surface. So far pyroxene
exsolution barometry has placed 2 similar ferroan anorthosites at cooling depths of 14 and 21 km
[4]. More barometry is needed on samples at both the high- and low-Mg' ends of the FAN array to
establish any stratigraphic significance. The presence of olivine-bearing "sodic” ferroan
anorthosites [5] is consistent with either a different parent magma or a similar parent magma
crystallizing at higher pressure. In either case, a simple MO scenario does not apply, but
crystallization at pressures > 1 kb remain essential to avoiding formation of descartesites.
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Fig. 1 Calculated mineral compositions for 0 and 3 kb fractional crystallization of model FAN parent
magma [3]. "ol in" etc. refer to O kb track only; silica-bearing cumulates represented by open pattern.
0 kb sequence: ol+plag; pig+plag; aug+pig+plag; sil+aug+pig+plag; ol+sil+aug+plag; 1lm+
ol+sil+aug+plag  (black  line). 3 kb  sequence: ol+plag;pig+ol+plag;aug+pig+ol+plag;
ilm+aug+pig+ol+plag. Also comparison of experimental liquids (filled circles) and plag + ol (filled
squares) with plag predicted by eq. 8 of [2] (open squares).
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